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ARPA/NRL X-RAY LASER  PROGRAM 
Semiannual Technical Report  to Defense Advanced Research Projects Agency 

1 January 1975 - 30 June 1975 

I.      INTRODUCTION 

This  is  the third semiannual  technical  progress report  for  the 
ARPA/NRL X-Ray Laser Program.    There  is no  intention to duplicate 
background material  from previous reports*,     since the  format  is 
similar and copies are available  upon  request.    Rather,   the  intent here 
Is  to provide an update on  program progress during this  reporting 
period with brief statements  of motivation and goals. 

The basic  individual activities  in  the  program have  remained tht 
same,   i.e. , 

O    Nonlinear optical mixing  for producing coherent  radiation  in 
the vacuum-UV region, 

O    Amplification of such coherent  radiation,  beginning  in  the 
1600 1   region in preparation for  further frequency upnnversion, 

O     Electron collisional  pumping of  ions  in a plasma with enhanced 
heating by picosecond  laser  irradiation, 

O      Investigation of resonant charge  transfer pumping at a high 
rate  into preferential  levels as an advanced soft x-ray 
amplifier, and 

O    Theory,  analysis and numerical modeling in support  of  these 
approaches and continual  investigation of new concepts. 

The overall  theme  in this  program is  to generate a coherent,  collimated 
laser beam at as  short a wavelength as  y)Ossible.    The general approach 
is  to transfer a high degree of coherence  from  long wavelengths,  with 
amplification through molecular and  ionic  devices  in an eventual 
chain system. 

•"■Previous semiannual reports on this project are referred to liberally 
in the present  report.    These are  published as NRL Memorandum Reports 
No.   2910   (October  1974)  and No.  3057   (March   1975).    Copies are 
available on request. v 

NOTE:   Manuscript  submitted  September  5,   1973. 
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It is appropriate fare to reproduce one figure (Fig. I) 
from a recent pre sent it ton^ (copy included In the Appendix) which 
resulted from a soriewhat: hold prujetMcn uf currently popular 
approaclies to nupl ificat ion at short wavelengths.  Plftrc5 Is tlK« 
mean density betVMti amplifiers (N0) and pumpers (Np^ u« a real- 
istically useful gain factor of .=5. There are a rumlier of reasons to 
seek lower density operation, e.g., reduced line widths, lest; col- 
lisionai effects, approach to solid densities at short wavelengths, 
decreased pumping requirements, an^ flexibility for increated gain or 
compensation for unforeseen-losses. The bold lines indicate the 
regions of current interest at NRL in developing suitable amplifiers 
consistent with thi? aim towards decreased density. This analysis 
was done as part of our continuing evaluation of the entire field 
and indicates that, with current knowledge, we are indeed on the 
right track with a rensonable program. 

Each component of our overall program is in a different phase of 
development,as detailed in the following sections. The nonlinear 
mixing experiments are essentially assembled now, experimental 
activity has increased, and pielimina*-y results are reported. The 
first stage of amplification at '600 A is undergoing a reevaluation at 
present due to unexpected complexities in the traveling wave electron 
beam device and soaring time and cost requirements. We may revert 
back t«. the proven discharge mode of operation or switch to a noble 
gas rpproach. The final decision will be influenced by our current 
tests on ability to synchronize the various cevicss to the driving 
cohereit beam.  Amplification on ions by picosecond pumping of 
preformei plasmas has definitely moved now into the target irradiation 
phase, as synchronisation between the two laser beams improves. 
Further development towards higher laser power are being postponed 
until vacuum-UV x-ray and interferometric (density) measurements 
can be completed at the current plateau.  Numsrical modeling of 
atomic s^.-'mes here la also progressing omorthly with the development 
of very versatile laser codes.  The search for direct experimental 
evlnence of enhanced population of specific energy levels by resonance 
charge transfer U progressing with a very simple experiment designed 
for rapid proof-of-concept. An unexpected delay due to collection of 
debris in the spectrograph slit appears solved by a simple flushing 
technique and rapid progress can now be expected. A major physics 
question here is whether a sufficiently dense interaction region can 
be generated, and we are looking to computationa1 assistance from other 
portions of the ARI'A program in support of this experiment during 
the next six months. 

The following sections of this report describe the details of 
progress made in each of these areas during the last six months. A 
summary of the important points is included in tbe .ast section.  In 
some instances the work has been prepared for publication or has been 
published.  In these cases the reprint has been included as an appendix 
and only brief mention of the work is made in the main body of the 
report.  Each section also contains a few sentences about where the 
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Fig. 1. Mean particle densities (solid lines) versus wavelength for a 
gain factor of rv=5  and for selected pumping mechanisms.  Stark broadening 
becomes important for large charged particle densities (same scale) in 
the region above the dashed line, also a region of approaching collisional 
equilibrium. Collisional recombination is plotted fcr fixed N =10^1 cm"3 

and terminates at ~ 15 A due to dominance of radiative recombination to 
lower levels. Heavy lines indicate regions considered promising for 
present experiments at NRL. 
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work Is going and plans for the next reporting period. 

REFERENCE 

1.       R.  C.  Elton and R.  H.  Dixon,  "X-Ray Laser Research:   Guidelines and 
Progress at  NRL",   Proceedings Third Conference  on  Lasers, New 
York Academy  of Sciences,   1975  (to be  published).     The portion of 
this  paper mentioned above will be also  included  in a  forthcoming 
detailed review paper  in preparation  for  publication  for  the  IEEE. 

TI.     ELECTRON COLLISIONAL  PUMPING  VIA   PICOSECOND  LASER   PUMPING  OF  PIASMAS, 

H.A.     1ASER/PLASMA   EXPERIMENT 

The dual-laser  experimental  concept  is  shown  schematically  in 
Fig,   2 and has  been discussed  in previous  semiannual  reports and 
elsewhere recently1'   .     The basic  idea  is   to prepare a  suitable 
plasma  ton environment with a  laser-target  combination,  and to 
subsequently  pump a  population inversion  on  the  ions with a very  fast 
rising second  laser  pulse.    At   its  present  stage  of  development  it 
consists  of a  plasma  generated by point   focusing a  2.0 J Q-switched glass 
laser  pulse  onto a magnesium slab target,  and   injection of a  synchronized 
mode-locked  25  ps,   130 mJ  Nd:YAG   laser  into the Mg-plasma after a  certain 
delay time.    The details  of the state-of-the-art   laser  system are 
described  in  the next  section.    The  initial   laser beam is  focused 
with a  30 cir   focal   length,   f/15   lens and   the   focal   spot  size  is 
measured  using a  silicon diode array,  yielding  the  results  shown  in 
Fig.   3.     First  observations have been directed  towards detection of 
enhanced emission  indicating  increased electron heating with  the 
short  pulse   laser and associated enhanced  pumping. 

Independent  of a  particular  inversion atomic m»del,  a knowledge 
of  the  s'jati.a]   distribution of density  in  the   initial expanding plasma 
is vital   information  for directing and  synchronizing  the second pumping 
laser  ^ulse.    At   the highest  densities near  the  target  surface,   the 
highest absorption and greatest heating  is  obtained;   however collisional 
mixing is most  rapid  there also,  with  rapid  collisional  equilibration 
which strains  the  pimp pulse  risettme  requirements  for many  schemes. 
At  somewhat   lower densities  in the expanding  plasma,   collisional 
rates are  lower and  plausible  inversion  schemes are more  identifiable^, 
particularly  for  low-Z  targets.    Multiple  passes  or extended  lengths 
then become a  possible  requirement  for  sufficient absorption.    The 
determination  of the  density distribution can be accomplished 
relatively simply  in-situ using an interierometric  technique which 
utilizes   the   existing  synchronized  25  ps  Nd:YAG   laser  as a  probing 
light  source,   frequency doubled.     This   is   presently being  set  up. 

Meanwhile,   the   ionic   composition  of  the  expanding  plasma as well 
as  the  temperature  can be appreciated using x-ray photography and 
spectroscopy.     Figs.  4a and 4b  illustrate  images  of  the  x-ray emitting 
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Ulititl plasma obtained, respectively, with a 50 um pinhole and through 
a bundle of 5 cm long metallic tubes (i.d. = 400 ,jm),  both of which 
recorded x-ray photons of 1 to 1.5 keV. While the former shows only 
the most intense x-ray emitting region (^ 250 ypi)   in the vicinity of 
the target, the latter also records rather faint x-rays originating 
from tenuous expanding plasma which extends as far as 1 mm along the 
target and 1.8 mm away from the target, A peak electron temperature 
of the Mg-plasma produced by the Q-switched glass laser may be 
estimated'*»5 from the line intensity ratio of H-like Mg XII 2p -> Is 
to He-like Mg XI ls2p -* Is2 lines, assuming a coronal model. The x-ray 
spectrum is obtained using a flat RAP (2d = 26.121 k)  analyzing 
crystal and a microdensitometer scan of the spectrum obtained is 
shown in Fig. 5. The main line features in the spectrum are those which 
arise fr Tn He-like Mg XI and Li-like Mg X ions. The spectrum is 
typical of a plasma where the electron temperature is about 100 eV. 
In this arrangement the spectral line width is determined by the size 
of the radiating source (~ 250 um). 

A possible ionic inversion scheme involves lasing on 3p -* 3s 
transitions following pumping from 2p levels and final rapid depopulation 
from 3s ■• 2p.  This is a proven transition in the near ultraviolet, 
and extrapolation to the vacuum-UV region has been described in previous 
semiannual reports and elsewhere .  Recent advances in numerical modeling 
of this scheme for ions in the carbon isoelectronic sequence are 
described in Section V.A. This is a possible quasi-stationary inversion 
scheme, and the f<ist stage will be to seek evidence of population 
inversion, since significant gain will require absorption of consider- 
able pumping energy. For ascertaining the existence of an inverted 
population density between 3p and 3s levels, measurements of 3p ♦ 3s 
and 3s -> 2p lines will be made, ••■ith the latter occ^rring at about 
1/10 the wavelength of the former.  In order to bridge this gap in 
instrument sensitivity, the 3d -» 3p and 3d -* 2p nearby pairs of lines 
will also be measured for a branching ratio calibration, since they 
originate from the same upper level. This approach is indicated in 
Fig. 6. 

6+ 
Th ion chosen for initial studies is Mg  (Mg VII). The expected 

wavelength of the 2p3s ^P lasing line has been determined by extra- 
polating the known wave numbers in the CI isoelectronic sequence for 
carbon through neon.  Fig. 7 shows the plot of wave numbers for the 
carbon-like ionic species (up to Ar XIII), and one sees that the wave- 
length for Mg VII falls at 1625 + 10 A. A 1-meter normal-incidence 
vacuum UV spectrometer with a 1,200 lines-per-millimeter ruled 
grating (blazed at 1200 A) has been set up for the spe-^troscopic 
analysis, and the target chamber is mounted directly on the front of 
the entrance slit assembly. The distance between the target focal 
spot to the entrance slit is 11 cm.  Fig. 8 shows a microdensitometer 
scan of a typical time-integrated spectrum in the region of 1400 to 
1800 Ä, taken with a 20 shot (Q-switched glass laser only) exposure. 
The Mg-target used in this particular exposure contained aluminum 

and carbon as impurities; the kill  3s3p *? - 3a2 lS  line at 1670.8 JL and 
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Fig.   5      K-x-ray  spectrum of Mg-plasma  obtained with RAP analyzing 
crystal.     Q-switched glass  laser  is  focus  onto a Mg-target  to  form a 
100 (im dia  focal  spot. 
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CALIBRATION MEASUREMENT 

Fig.   6      Transitions  involved  in determining  the  population  inversion 
ratio Nßp/Nßg   from relative   line  intensities,  using br-mching  transitions 
shown  from the 3d   level  for  instrumental  calibration. 
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2     2 
the CIV 2p P - 28 S doublets at 1550.8 A and 1548.2 Ä providing 
excellent references.  Some of the lines identified so far are listed 
in Table 1. The spectrum consists of mostly lines arising from Mg IV 
and Vig  111  ions in this spectral range; however, it is conceivable 
that some of the unidentified lines are those which originate from 
Mg ions of higher stages of ionization.  For example, a weak line at 
1625 A may be the Mg VII (2p3p 3D - 2p38 3P) transition us  predicted. 
The shorter wavelength 3s -» 2p (and 3d - 2p) lines for Mg VII require 
grazing incidence spectroscopy.  Preliminary space resolved measure- 
ments on t separate system (charge transfer experiment described in 
Section III) indicate the presence and resolution of these lines in 
magncgium as shown in Fig. 9. 

It is planned to compare two space-resolved Mg-spectra, obtained 
with and without the injection of the 25 ps Nd:YAG laser firing in conjunction 
with the Q-switched glass laser pulse, as soon as the electron density 
profile of the expanding plasma is known. Also, some experiments may be 
conducted with a lower-z material such as fluorine, so that both 
long and short wavelength lines can be measured on the same instrunent, 
to prove the technique. 
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II.B.  SYNCHRONIZED DUAL LASER FACILITY 

The experiments described above (Section II.A) require a high 
power Q-switched laser to generate a plasma of proper ionic consistency; 
and a second, synchronized, short pulsed mode locked laser to produce 
population inversion during the pre-equilibrium period of high electron 
temperature. This coupled mode-locked Q-switched laser system is 
now nearing completion. The full synchronizing sequence is operational, 
and the jitter between the mode locked and Q-switched pulses have 
been reduced to * 0.12 ns. The gain in each amplifier has been 
measured independently.  During this reporting period the Q-switched 
laser was operated at full output power for the first time; and some 
time was spent on longitudinal mode control in the oscillator. 
Additional path delays were introduced into both the Q-switched and 
mode locked lasers so that the shuttered portion of the Q-switched laser 

: 
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TABLE   1:     Extrapolation of Laslng Transitions  on Carbon-Like  Ions. 

ION  SPECIES in A 

Mg  III 1738.8 

Mg   IV 1736.8 

Al   II 1725     1 

(1721.2/ 
(1721.3* V II 

M  II 1670.8 

Mg VII 1625  ? 

Al  III 1611.9 

Vt iv 1611.2| 

Mg   TV 1607.l) 

Mg  III 1586.1 | 

Mg   III 1572.7 1 

CIV 1550.8 | 

CIV 1548.2 ) 

Mg   IV 1470.8 

Mg   IV 1459.6 

Mg  IV 1437.5 

Mg  IV 1409      1 

Mg  IV 1404.7 ) 

CONFICURAflON 

5       3 5 3 
2p 3p    D  -  5p    3d    F 

2p43s 2P - 2p6 3p 2S 

3S 3? 3P - 3s 3d 3D 

3s  S - 3s 3p • 

2p  3s 3P - 2p 3p 3D 

2      2 
3p P - 3d D 

4   2     4   2 
2p 3s T) - 2p 3p D 

5   3     5   3 
2pJ 3p S - 2p 0.d P 

2      2 
2s S - 2p P 

4   2 4   2 
2p 3p P - 2p 3d ^D 

4   4 4   4 
2p 3s P - 2p 3p S 

4   2 4   2 
2p 3p D - 2p 3d F 

4   2     4   2 
2p 3p F - 2p 3d G 
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pulse could be taken near the peak of the oscillator pulse, ai'd so 
that the fode locked pulse could be delayed until after the Q-switched 
pulse. Thi! additional path delay required the addition of cylinder 
expansion optics Into the mode locked laser beam to more nearly 
fill the aperture of the final amplifier stage. Target experiments 
were performed both with the Q-switched pulse alone and also with the 
two-pulse system.  In addition, the mode locked laser was used for 
preliminary measurements of the nonlinear mixing system for ,rUV 
generation. 

II. B.l. Q-SWITCHED LASER 

The Q-switched laser was operated near full power for the first 
time during this perfod, using the configuration shown in Fie,. 10. 
The measured operating characteristics, along with the original design 
parameters are shown in Table 2 . The pulse duration of the Q-switched 
laser is controlled with a Pockels cell shutter placed after the 
oscillator.  Pulse lengths from 0.5  to 10 nsec are obtained by 
changing the length of the pulse forming cable.  Laser power is constant 
over this range of pulse durations. Above power levels of 1 GW, the 
output is limited chiefly by damage to the final amplifier stages and 
subsequent optics.  Further increases in power are possible with the 
current system, but they will have to be accompanied by more careful 
beam expansion to reduce the power density at the output and by more 
stable longitudinal mode control of the oscillator to prevent 
excessive instantaneous intensity due to mode beating. 

The oscillator output was analyzed wi'.h considerable care to 
determine optimum operating condi» ion, within the restriction imposed 
by the synchronizing sequence.  This laser was designed to be operated 
both independently and in synchronism with the single (short) pulse 
mode-locked laser.  The s nchronization technique requires that the 
Q-switched laser be triggered on the early leading edge of the mode- 
locked pulse traio.  The oscillator output must build up from Q- 
switching to pulse peak in a time less than 150 nsec. This is necessary 
for the peak of the Q-switched pulse to be coincident with the peak of 
the mode-locked pulse train at the point where the single pulse is 
selected.  In addition, any mode beating which is present must be on 
a scale which is fast compared to the shutter duration, so that a 
reliable fraction of the oscillacor pulse may be selected for 
amplification.  This implies that oscillation or adjacent or nearby 
cavity modes should be suppressed.  Further reftriction of lasing to a 
single cavity mode is desirable from the point of view of stability of 
timing and reproducibility of laser output intensity, and is absolutely 
necessary for operation at average power levels greater than 1 GW. 

As was pointed out in the previous semiannual report, the need 
for rapid build-up times in the oscillator conflicts with require- 
ments for single mode operation.1 We have investigated several different 
cavity configurations for longitudinal mode selection uncer conditions 
of rapid pulse build-up.  Preliminary studies indicated that a three 
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element resnnant reflector, or a two element reflector combined with a 
birefrlngent filter^, would be necessary to achieve sufficient dis- 
crimination. Calculations indicated that an acceptable performance 
could be obtained with a resonant reflect'-: which consl^us of a 
combination of a 5 cm long quartz fl» , and a flat mirror combined with 
a 5 cm long birefringent calcite plate (Fig. il). Discrimination against 
adjacent and nearby cavity modes is obtained with the cwo element 
resonant reflector (Fig. 12) and discrimination against widely spaced 
modes is provided by the calcite plate (Fig. 13). Theoretical 
analysis of the combination indicates that the reflectivity of the 
second largest mode is 0.91 of the reflectivity of the mode of 
mf :imum feedback. 

Experimental investigation of the combination was performed in 
steps.  The output of the laser oscillator was measured on a planar- 
diode and 519 oscilloscope with response time of 0.5 ns, an image 
converter-streak camera with a resolution of 30 psec, and a Lummer- 
Gehrcke interferometer with a free spectral range of 1.14 cm'1 and a 
resolution of 0.08 cm"1. These three devices provided detection of all 
r.ode spaciugs with good overlap in the ranges. 

A study was first made of the laser output using the 2 inch 
SiOo plate and a 457o flat mirror. Typical measurements are shown in 
Fig. 14. Considerable variation could be observed in the output as the 
distance from the mirror to the quartz plate was varied and, at an 
optimum spacing, oscillations fluctuated between true single mode 
behavior on modes too widely spaced for the beating to be resolved 
on the 519 oscilloscope.  Beating between nearby modes was effectively 
reduced, as is expected from the curve in Fig. 12; and the resulting 
pulse is sufficient for use in the current set of experiments. 

Attempts were made to reduce the remaining mode beating with the 
use of additional frequency selection. A Laser Optics "Ekalon" resonant 
reflector was substituted for the 457o mirror. With adjustment of 
reflector spacing, improved frequency selection was obtained; however, 
it was not stable. After approximately 10 shots, single mode operation 
deteriorated to multimode modulated output (Fig. 15). 

The birefringent calcite pl»te was added next. As expected, the 
suppression of oscillations on v.idely spaced modes was improved. 
Oscillation on nearby modes,however, reappeared. This can be attributed 
to a number of factors. The thickness of the "Ekalon" device is fixed, 
therefore its reflection cannot be tuned to the transmission peak of the bire- 
fringent filter and to the peak of the Nd:YAG fluorescence.  The combination 
of the 45% mirror, 2 inch fused silica flat, and birefringent filter 
should overcome this problem. Testing of this last combination had 
to be postponed to allow target experiments to continue. Additional 
effort shall be placed on further isolation of the laser oscillator 
using mechanical and acoustical isolation and a permanent shield. 
Methods of temperature stabilization are also being investigated.  It 
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Fig.   12      Reflectivity of  two element  reflector consisting of kSk single 
surface mirror and  2  inch  thick flat-parallel  fused quartz  reflector 
spaced 4.35   inches. 
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Fig. 13 Transmission of calcite plate and polarizer compared 
to Nd:YAG fluorescence. 
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Fig. 14 Streak camera 
recordings of a 3 nsec 
segment of the Q-switched 
laser pulse. This per- 
formance is typical for 
operation with the 2 inch 
reflector and 457« mirror 
alone.  Laser output 
would vary between single 
mode (a) and two widely 
spaced modes (b). Trans- 
lating the 45% mirror a 
fraction of a wavelength 
produced the slower 
modulation of closely 
spaced modes (c). 
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is anticipated that with these improvements, stable operation on a 
single mode can be achieved with the system in Fig. 10. 

II.B.2. MODE-LOCKED SHORT-PULSE LASER 

The mode-locked laser is now fully operational, and routinely 
operates with output energies between 150 and 200 mJ.  During the course 
of arranging components for the synchronizing sequence, it became 
necessary to add about 4 ns of delay to the mode-locked laser (Fig. 16). 
This added path resulted in astigmatic propagation of the mode-locked 
pulse because of its elliptical profile (see first semiannual report), 
and a reduction in pulse energy to the 80 - 90 mJ level was observed. 
Introduction of cylinder expansion into each arm before the i, inch 
amplifier resulted in an overall beam size which more nearly 
fills the amplifier rods, and has restored the output energy to its 
original value near 200 mJ. Each beam was then collimated by an 
appropriate cylindrical lens at a position which gives a circular pro- 
file. The resulting beam can then be focused to a smaller spot than 
the elliptical one, giving greater intensity in the focal region, or 
can be expanded for amplification in a glass amplifier. 

Further work on the mode locked laser will be in the areas of 
target isolation involving the addition of isolating Pockels cell 
(Fig. 16), and gi^-lual improvement of its operation in the areas of 
efficiency and reliability. Equipment has also been assembled for the 
addition of a 32 ram glass amplifier which can raise the output power 
to 2 J. 

REFERENCES 

1. P. W. Smith, "Mode Selection in Lasers" Proc. IEEE 60, 422-440 
(April 1972). 

2. G. Holtom and 0. Teschlse, "Design of a Birefringent Filter for 
High-Power Dye Lasers" IEEE J. Quantum Electron. QE-10. 577-579 
(August 1974). 

II.B.3.  REDUCTION OF SELF FOCUSING 

While no serious experiments have been performed in this area 
during this reporting period, some thoughts have continued since self- 
focusing is a potential problem as lasers of increased power become a 
necessity for short wavelength pumping sources. Thoughts are directed 
towards a method of compensating for self focusing (and self phase 
modulation) in high power lasers, and thereby extending their power 
capabilities. 

Hfefa  -^---.- 

BACKGR0UND 

The useful output power that can be generated in many pulsed 
solid state lasers is limited by the occurrence of self focusing and 
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self phase modulation due to the positive nonlinear refractive index 
n2 of the amplifying medium.  Self focusing need not involve the 
entire beam; in fact, it occurs most often in the form of filaments 
or "hot spots". These grow exponentially out of low amplitude spatial 
inhomogeneities in the input beam as the pulse propagates through the 
laser amplifier chain.  In general, the growth rate of the hot spot 
intensity is proportional to the product of the nonlinear Index n2, 
the average beam intensity I0, and the total propagation path length 
Z  through all of the amplifying stages. At moderate power levels, 
self focusing degrades the pulse by distorting its wavefront and 
broadening is spectral width through self phase modulation. At high 
power levels, the hot spots can grow to catastrophic intensities and 
cause serious damage to the final amplifier stages. 

Present techniques for minimising self focusing include (i) min- 
imizing spatial ripples (e.g., due to Interference effects) in the input 
beams; (ii) use of large aperture amplifiers to keep the average 
intensity low; (iii) use of high gain, low r\2  amplifying materials to 
minimize ^'i (ivN spatial filtering between amplifier stages to eliminate 
higher spatial frequency inhomogeneities, which tend to grow more 
rapidly; and (v1) use of an'kspheric diverging lens to counteract whole-beam 
self focusing and reduce the growth rate of the hot spots. Minimization 
of ripples on the input beam is a necessary first step; however, it is 
difficult to reduce the effects initiated by small random inhomogeneities 
in the amplifying material itself. Moreover, one cannot eliminate the 
spatial frequency components introduced by apodization of the beam. 
The use of large aperture amplifiers is limited by cost, and by such 
factors as parasitic oscillations.  In practice, apertures are limited 
to about 20 cm. The recent development of high gain, low n2 materials, 
such as phosphate glasses, may allow an increase in useful output power 
by a  factor of two or three. The gain of an amplifier stage is 
limited by parasitic oscillation, and conventional methods for reducing 
n2 are not likely to effect reductions significantly greater than 30Z. 
Spatial filtering can eliminate only the higher spatial frequency 
components (e.g., spatial frequencies > 10 cm-1). As the intensity 
increases, however, the lower spatial frequencies begin to grow rapidly, 
and whole-beam distortion becomes important. A diverging lens has the 
disadvantage that it can effectively counteract self focusing in only 
a narrow range of intensities.  If it is effective at the peak of the 
pulse, then it offers little advantage elsewhere. 

POSSIBLE SOLUTION 

We propose to reduce or eliminate the self focusing by using a 
material with a negative n2 to compensate for the positive n2 of the 
laser amplifiers.  Several materials exist with a negative n2 in 
narrow frequency ranges accessible to the lasers most commonly us-d. 
For example, it has been noted that cesium should exhibit a neg? "ve 
value of n2 at the Nd:YAG wavelength 1.064 u.1    A  recent experimental 
and theoretical study of cesium vapor described in 
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previous  semiannual  reports and elsewhere    has confirmed  that the n2 
is  indeed negative at   1.064 ,■,  and  that  It can be made  comparable  in 
magnitude,  to the n2 of typical  laser  glasses.    With   linearly polarized 
light,   the effect arises mainly  from a  two-photon resonance between  the 
pulse and  the atomic   levels 6s and  7s.       This means   that  the nonlinear 
refractive  properties  remain  intensity-dependent,  even  for pulsewidths 
comparable  to the inverse atomic  1.inewidth - an advanta'e not  shared 
by single-photon  resonances^.J,4 or  thermally-induced nonlinear re- 
fractive effects.5 

One  practical embodiment  of the compensation scheme would use 
a chain  of amplifier-compensator units as  illustrated  in  Fig.  1.7. 

-OCZHIk-- ̂ - 

3 4 

Figure 17 

The fundamental unit of this chain is the symmetric combination (1) - 
(2) - (3). Here, (1) and (3) could be amplifier stages (n2 > 0), 
while (2)   is a negative n2 compensator (e.g., a cesium vapor cell). 
Alternately, (1) and (3) could be compensators, and (2) would be the 
amplifier. The important point is that the magnitude of the product 
1^2^ due to (2) should exactly cancel that due t :> the combination of 
(1> and (3). As long as individual amplifier stages contribute only 
a small amount to the nonlinear wavefront distortion, this unit allows 
that distortion to be corrected before it can propagate through 
additional amplifiers and thus grow into an appreciable change in beam 
size or develop into a hot spot. The symmetric configuration, in 
which (1) and (3) contribute equally to IQ^JC, has the advantage that 
it eliminates any nonlinear change in beam size that could otherwise 
occur. A compensated laser amplifiei: chain can be built simply by 
combining two or more of these units, as indicated in the above 
illustration.  If units (1) - (2) - (3) and (4) - (5) - (6) were 
adjacent, then, in practice, (3) and (4) could be combined to a single 
amplifier or compensator. 

This negative n2 compensation technique has the major advantage 
that it can virtually eliminate self focusing and self phase modulation 
in a multistage laser system, rather than merely containing it.  It 
compensates at all intensity levels, and therefore, at all times during 
the pulse. With this type of compensation, intensity levels and power 
output can be raised appreciably.  The only remaining limitations are 
(i) the intrinsic (breakdown) damage threshold of the laser materials. 
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and   (U)   the requirement  that  individual amplifier stages  contribute 
only a  small  amount  to the nonlinear wavefront  distortion.     Intrinsic 
damage  thresholds are typically  larger  than present allowable   intensity 
levels by a  factor of at  least   10.     In a multistage  svstem,   thi* 
technique  -  in combination with spatial  filtering and'the  use  ot high 
gain,   low n2 amplifier materials   -  should allow  intensities   limited 
only by the  intrinsic  threshold. 

The above compensation  technique  is  currently under  theoretical (and 
experimentan     study.      Two additional  proposals also under  srudv are: 

(11    A negative n2 cell which could  be  inserted  into  th»  cavity of 
a   laser oscillator.    This would eliminate  the  self  focusing and  self 
phase modulation that  typically plague  oscillators  such as Nd Class 
In  this e«M,   the product   l0n2^ of  the  laser  rod and  compensator wouid 
be  of equal  magnitude, and  the  phase distortion would be  cancelled 
each time  the  pulse traverses  the  cavity.     The main problem here with 
Cs vapor would be dimer absorption at  the   low  intensities. 

(iL^     Several  other elements and  ions may  be suitable ajiernatives 
to cesium  ».apor;   i.e.,  they have a  pair  of energy   levels  that   provid« 
a   two-photon resonance around  the  predominant Nd  laser   lines 
1.052       -  1.073  | , and these  levels are  strongly  radiativeU-  coupled 
to suitable   intermediate  states.     Two examples  are   the   Is   ^s   U  - 
Is  3s   4  levels  of parahelium,  and the 3p3 4S0 - 3p3  2p0  levels  of 
phosphorus.     Other possible  two-photon  resonances exist  in  ?*    Zr+2 
and  the  trivalent  rare earths  Sm+3 and HO+3.    The i^^j  ai)'d  trtvalept 

ions are especially  interesting because  of  MM  possibility  of doping 
them directly  into the  laser amplifier material.    The.  atfecMve n, of 
the material  could  then be   lowered  significantly,   or even  reduced  to 
7cro. 
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III.     RESONANT  CHARCK  TRANSFER   PUMPING 

The motivation  for achieving preferential  level population by a 
resonance  charge-  transfer  process   (with a  very  large cross  section) 
and a  choice  of particularly  promising  ion-atom combinations,  was 
discussed  in previous semiannual  technical  reports  for  this   program and 
älsewherei,^.     initial experiments are  being conducted with highly- 
stripped  carbon  ions emitted  fron a   laser-irradiated  surface and  ^xpandin- 
into a background  gas.    The  program has  been divided  into two phases- 
the  preliminary phase and  the achievement  phase.    The  first  phase  is 
concerned with  obtaining evidence  of enhanced emission and 
associated  level  population and possibly  inversion data and establishing 
methods which will determine  the  experimental arrangement and  operation 
of  the second phase.     In this  preliminary  phase,  the  light  pulse  frorr 
a   _0 ns.  6 Joule ruby laser  is  point-focused onto a carbon  slab 
target.     Soft  x-ray spectra are obtained  over multiple exposures with 
a  grazing-incidence speclrogrpah.  both with and without a  surrounding 
neutral-atom background gas   (helium).    The  second phase  of  the 
experiment will   aUlize the   large NRL Glass  Laser Facility  Luned to 
produce a  30 ps.   10 Joule  light  pulse.     This  laser pulse will  be  line- 
focused onto a  slab target  producing a  plasma  that will  expand  in^~ 
a  background gas.    The spectral   line  radiation  from the  expanding 
target  plasma will be examined  on a  single-shot basis  for  further 
evidence  of population  inversion,  enhanced x-ray emission,  and evidence 
of significant   lasing action. 

The experimental   program is well   into  the  first  phase.     Several 
procedures  are being examined and adapted   Into general  use;  also a  few 
technical  problems have been  uncovered and are  presently being 
resolved.     The most  persistant  of  these  problems  is  the  in-situ 
focusing  of  the  spectrograph  to obtain maximum resolution  in  first 
order where  the  light  intensity  is  the highest-thu.  requiring  fewer 
number of  shots  per exposure—and confusion with hij-hor-order 
spectra   is minimal.     Focusing  corrections are being made during this 
period of preliminary  investigation and  it  is exited  that  the  optimum 
focuj will be achieved before the end of phase onf:. 

Identification of the  spectral   lines  obtained with a  carbon  target 
is  continuing.2    Besides  the C^  (CV)  and c5+  (CVI)  resonance  series 
reported previously,  several  satellite  lines and  intercombination 
lines  of carbon have been identified,  as  have higher series members 
at   longer wavelengths.    Recombination  emission beginning at  the  series 
limits  is also observed along with  oxygen and  sodium impurity  lines. 

Spatial  resolution of  the  target  plasma has been achieved  by 
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installing a slot between the entrance slit and the grating, with the 
slot length orthogonal to the entrance slit (See Fig.18).  Initial 
spatially-resolved spectra (without helium) of limited resolution 
were obtained2 with a 400 /an wide slot, and are reproduced in Fig. 19. 
The lines are seen to originate in the higher density region near the 
target surface where Stark broadening dominates and some self- 
reversal is observed, indicating a large optical depth. AU of the 
spectral lines are observed to narrow at increasing distances from 
the target where the charged particle density is decreasing. The 
CVI lines   and highly iorized impurity lines occur near the target 
surface along with the continuum emission at high densities, as 
shown in the densitometer traciv.gs in Fig. 20.   As the plasma expands 
away from the surface, the CVI lines fade first, with recombination 
supporting the CV line intensities as shown in Fig. 20 also. 

The spectrum of Fig.19 was obtained under vacuum conditions. 
A similar spectrum was obtained with the carbon target immersed in 
10 Torr of He gas. A noticable difference between the two spectra 
was a spatial intensity variation of the CV resonance lines with the 
background gas present. Repeating the experiment with a narrower 
slot width (100 ..an) suggested the presence of target debris between 
the jaws of ehe 25 ./m wide entrance slit.  Further investigation confirmed 
this suspicion.  Kentent.'on of target debris by the entrance slit 
could falsify intensity measurements on spatial resolution informati m 
obtained from spectra taken with multiple shot exposures. This 
becomes a major problem, because preliminary data indicate a necessity 
to go to even narrower entrance slits. The problem is being solved 
by installing a valve behind the entrance slit (to isolate it from the 
spectrograph chamber) so that the slit can be back-flushed with a 
puff of gas to clear the debris from the slit. The valve-gas-flush 
system is presently being installed in the spectrograph. 

With the addition of this gas flushing system, it will be possible 
to compare relative line intensities with and without a neutral back- 
ground gas in an appropriate region of high initial ion density 
(e.g., c5+ as in Fig.20).  From these comparisons it should be possible 
to ascertain whether any significant enhanced population is produced 
as expected. Other ions and gases W..11 be tried at various pressures 
also. This would essentially complete the preliminary phase of the 
experiment. 

Plans are underway and equipment is now being obtained for 
directing the large glass laser into the charge  transfer chamber 
a s a first step in initiating the second phase of the experimental 
program. 

REFERENCES 

1.  R. C. Elton, "Three Quansi-CW Approaches to Short Wavelength 
Lasers" in Progress in Lasers and Laser Fusion, p. 117 (Plenum 
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Press, New York, 19/5). 

2.  R. C. Elton and R. H. Dixon, "X-Ray Laser Research: Guidelines and 
Progress at NRL", Proceedings Third Conference on Users of New 
York Academy of Sciences (to be published). 

IV.  COHERENT VUV/SOFT X-RAY PULSES BY NONLINEAR MIXING AND AMPLIFICATION 

A,  NONLINEAR MIXING 

This section describes our approach to the generation of coherent 
soft-x-radiation through nonlinear mixing processes. The motivation 
and general technique was described in detail in previous reports 
and is outlined briefly in Fig.21.  The output of a Nd:YAG mode locked 
laser is converted to tunable visible radiation by successive 
frequency doubling and parametric frequency conversion in each of two 
arms.  The tunable visible light in each arm is combined and converted 
to the vacuum-UV (VUV) region through resonantly enhanced freouency 
mixing in a suitable metal vapor, and is then amplified in a VUV 
molecular amplifier as described below. A further stage of resonantly 
enhanced nonlinear mixing is then used to convert the VUV to the soft 
x-ray range. 

As was outlined in the previous semiannual report, die technique 
of parametric conversion was chosen to convert the 1.06 , m YAG output 
into tunable visible light because of its potential for generating higher 
powers and shorter pulse durations with the available laser system. 
During the previous period, crystals and ovens were obtained for use 
in the frequency conversion process.  During the present period, one 
arm of the visible radiation generator was set up and preliminary 
investigation of its operating characteristics was begun. Measure- 
ments of conversion efficiency in the first two stages of harmonic 
generation have been made. The parametric down conversion system 
has been set up and radiation generated from 4600 to 6300 t by tuning 
the crystal temperature from 52 to ?0oC. 

During the early stages of operation, second harmonic generation 
was done in a 1" long KDP crystal, phase matched by angle tuning.  Pump 
depletion measurements indicated internal conversion efficiences of 
50?o, which were consistent with energy measurements of 40 mJ in the 
second harmonic pulse when reflection losses at the uncoated surfaces 
were taken into account. The crystal had to be aligned to wit'.dn 
160 /jrad, consistent with the width of the phase matching peak for a 
crystal of this length.  In the latter stages, the 1" crystal was 
replaced with a 2" long crystal and pump depletion measurements 
indicated 707o conversion to tiie second harmonic. Care was taken 
during these measurements to insure that the waist of the 1.5 cm 
diameter 1.06 am beam was located at the crystal to avoid reduced 
conversion due to incomplete phase matching arising from beam 
divergence. 
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Fourth harmonic generation was done on a 1" long crystal of ADP, 
90° phase matched by temperature adjustment.  Pump depletion measure- 
ments indicated 3ö7o conversion from the second harmonic to the fourth 
harmonic, giving about 12 mj at 2660 k.    This level of conversion is 
somewhat less than expected, in view of the excellent conversion 
achieved in the firs, doubling stage, and sources of the reduced 
conversion are being investigated. Nonlinear absorption in AUP at 
2660 has been reported1, and a search for intensity-dependent trans- 
mission of 2660 Jin a 2" long ADP crystal at 50oC (for both "e" and 
"o" polarizations) was made at NRL. No nonlinear absorption was 
observed for incident radiation levels around 100 MW/cm2.  Linear 
absorption in the crystal was measured at 107, after calculated Fresnel 
losses were included, and this level does not seem to be large enough 
to account for the discrepancy. However, additional qualitative 
observations were made of second harmonic generation with pump 
powers at 0.53 um of the order of 5 GW/cm2.  Significant pump depletion 
was observed at the phase matching temperature without a corresponding 
increase in second harmonic signal. 

The temperature uniformity of the crystals was measured with the 
aid of a Mach-Zhender interferometer illuminated with a helium-neon 
laser. The observed interference pattern indicated that the crystal 
temperature was uniform across the full aperture of the crystal, and 
fluctuations in fringe position indicated a short term temperature 
stability of < .05oC. This fluctuation is well within the phase 
matching temperature width of ~ O.?.^, and again appears to be too 
small to account for the relatively low UV-conversion. 

Parametric down conversion of the 2660 \   light to the visible 
was accomplished in two successive ADP crystals.  Visual observation 
of the generated light was made as the temperature of the crystals 
was varied from 51.80C (degeneracy) to 70oC, corresponding to a wave- 
length interval of 4600 - 6300 Ä. Rough estimates of conversion 
efficiency to the visible indicated that the parametically generated 
light contained about 77o of the UV pump light, or about 17, of the 

1.06 \m  light. 

The conversion efficiencies and currently available powers in the 
system are listed in Table 3 and are compared to the expected values 
listed in the previous semiannual report. The predicted performance 
levels were quite conservative, especially in the early stages and the 
performance of the entire system at this stage appears to be well 
within the initial expectations. 
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Kr could provide more flexibility in terms of matching the tunable 
VUV simultaneously to the amplifying line, and to multiphoton resonances 
iB appropriate nonlinear media. Estimates of stored energy obtained 
from reported measurement s of noble gas lasers indicate that the 
amplifiers will operate in I depletion mode, providing pulse powers 
in the GW range. 

Most of the progress for this reporting period has involved the 
traveling-wave electron beam and discharge devices described in 
previous semiannual reports, with possible application to noble gases, 
as well as N2 and H2 at increased pressures.  The traveling-wave 
eloctron beam system has been described in the previous reports, but 
Fig. 23 is Included here to give a better idea of the operation of the 
device.  The device consists of two flat plates separated by n 
dielectric sheet to form ,1 capacitor.  The bottom plate is charged to 
extremely high voltage from a storage capacitor. When the charge is 
maximum, the dielectric switches along the edge are closed sequentially 
making ehe plate, into a transmission line.  Each switch generates a 
reversed voltage wave which add spatially to form a traveling wavefr nit 
When the leading edge reaches the first cathode, voltage appears aero«« 
the diodfi causing emission of electrons. These electron- gr* 
accelerated across the diode and through the foil window of .he high 
pressure gas chamber.  There the electrons collide with the as atoms 
generate secondary electrons and return current electrons, and excite' 
or ionize the gas. At high pressures the ionized atoms combine with 
neutral atoms to form excited molecules. These excited molecules can 
be stimulated to emit radiation. When this happens the molecule 
dissociates into two atoms again. 

Many of the modifications already made to the above system have 
been described in the previous reports and will not be repeated here 
Near the end of the last reporting period the traveling-wave electron 
beam began operating as expected,  laser experiments were begun but 
the recurrence of numerous minor difficulties and the lack of sufflclant 
funding Co initi.ue the changes required to properly eliminate these 
difficulties considerably slowed the research. At this stage it .^as 
considered to  be more profitable to switch to some discharge experi- 
ments th^t could he carried out using the traveling-wave svstem with 
the diode section removed and electrodes added. This was quickly 
done and the electron beam section was set aside. 

The construction of the discharge secion allowed discharge 
experiments to be performed that had previously been impossible 
The system now has the capability of operating without windows so 
that experiments with laser emission below 1000 I could be contemplated 
In addition, any pressure can be used in the gas chamber.  CThe 
previous discharge syste-.n could not handle pressures above a few 
hundred Torr.^t With these capabilities the system was ready to carrv 
out new short wavelength laser experiments. 

40 

-^.-Jhj-M:i. .---I.. 



mm^mmmmm wmm r^-. 

9 TRIGGERED SOLID 
DIELECTRIC SWITCHES 

COAXIAL TRIGGGER CABLES 
OF GRADUATED LENGTHS 160 CM 

TOP VIEW 

DIELECTRIC 
SWITCHES 

ELECTRON BEAM 
DIODE      C 

BOTTOM PLATE 
CHARGED  TO 
HIGH VOLTAGE 

END VIEW 

Fig. 23 Diagram of traveling-wave electron beam device. 
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The first discharge experiment carried out was an attempt to 
find vacuum ultraviolet laser lines in the 900 - 980 A region from 
molecular nitrogen.  These lines are from the b^-.r^  upper level to the 
X^zi ground state and in experiments to date have not been seen to 
läse. These experiments have not yet covered all the combination3 
of pressure and discharge current,  Since it is necessary to dif- 
ferentially pump between the laser and the vacuum monochrc-nacor used 
to detect the radiation, It is somewhat difficult to be sui-e of the 
pressure in the laser channel at the time of firing.  Pressures have 
been tried in the 1-10 Torr region in the hope of producing higher 
electron temperatures than in the case of hydrogen. At these pressures 
it is possible that the inversion densi»-' is not sufficient for 
amplified spontaneous emission (ASE) in the 1.6 m of length available. 
If this is the case. ASE could occur if the discharge can be lengthened 
or if it is  possible to pump harder. Harder pumping appears to be the 
easier alternative and it will be pursued. 

The alternative amplifier approach involving electron beam pumped 
noble gas lasers with wider bandwidth will most likely begin with a 
Febetroii electron beam  pumped coaxial diode gas chamber, according 
to the proven design of D. Bradley and coworkers^ .  The Febetron is m 
hand and the diode purchased from Bradley. The principal problem witti 
either approach is the question of jitter in synchronization of the 
amplifier with the coherent beam to be amplified. This is being 
investigated at the present time with the Febetron source and appears 
to be of such a magnitude that operation is possible. Conventional 
triggering would be replaced by laser-triggered spark gaps to time the 
production of gain with the arrival of the pulse to be amplified. 
Since the excited lifetime of xenon is longer than that of hydrogen, 
the synchronization should not be quite as critical. Once the system 
has been checked out to minimize jitter and the xenon diode has been 
installed, experiments to determine the proper injection timing will 
be conducted.  Once amplification at 1720 A has been accomplished, 
it is hoped that other rare gas excimer amplifiers can be built at 
shorter wavelengths. 

REFERENCE 

1.  D. J. Bradley, D. R. Hull, M. H. R. Hutchinson and M. W. McCeoch, 
Opt. Comm. J^l, 335 (1974). 

V.  THEORY AND ANALYSTS 

The theory and analysis portion of this program is directed 
towards detailed numerical modeling of atomic physics, both for those 
schemes considered directly relevant to ongoing experiments in the 
program for guidance and for those considered sufficiently promising mi 
alternative approaches to warrant a somewhat in-depth study.  Two 
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examples     from activity during this  reporting period  follow. 

A  continuing concern  is a monitor of  thtt overall   fj.eld  ol  abort 
wavelength   Insrrs,   ti   w!\ich many  participants  in the  program contribute. 
A   recent   overview of  the    ■ur'-pntly  popular approaches and an  attempt 
to  form a  pomev.hat  rcugh  prognosit  was  completed during  this   reporting 
period and   included   In  detail   in £     onferfnee  paper1,  a   copy   of which 
is   included  in  the Appem!i<.     The  results   .vere  described  In  the 
Introduction  to  this  rep  rt and  summarized  in  tig.   1.     Most   of  tl-,.-se 
approaches are being pursued   in de^th by various  groupb and   it   is 
intended  that  this  sort  of  prognosis will  be continually updated as 
further data   points are  provided   (not   t-howa   in  Fig.   1   is   the   hydrogen 
laser point at   1600 /   which does  inde. d natch quit« well). 

V. A.     NUMERICAL MODEL INC  OF 3p       3s   LA8IMG 

It appears   reasonably   possible   Co ■cblCVi  bufficitnt  gain on 
3p   •  3s   transitions   in  plasma   ions   to extend  successful  visible <ind 
near-Uv CK  ion  laser  transitions  into the vacuuiu-UV  region - ^ere 
reflecting cavities are not  available.     The basic  consideration' 
and some  initial  results  of  computations  of  the 3p   ♦ 3s  gain  c^tficient 
of doubly-ionized oxygen  (0  III:   carbun  isoelectronic  sequence)  as a 
function  of electron  temperature and  ion density  for a   simple  tnree- 
level model which neglected  ionizatlon and recombination processes 
were described  in  the   lat-t  semiannual  report and elsewhere  recent ly1-'2,3^ 
It will  be  recalled  that  0  III was  chosen as  a   test  case   for  carbon- 
like  ions  since  there  is ample atomic  data available  for  this   ion 
without extrapolation.     This modeling  is     relevant  to    the 
experiments described  in Section II.A.  above.     The numerical results, 
which were obtained with a versatile computer code named XRL-1 
assembled  specifically  for modeling x-ray  laser schemes  showed an 
increase  in gain as  the  ion density  (hence  the  inversion density) 
increased.     it was  pointed out  in the  preceding    report  that   the gain 
versus density curve had a  portion win re  the gain  coefficient   increased 
as N.     in  the   low density   limit;   this  slope  decreased at   intermediate 
densities  so that  the. gain was approximately  proportional  to the  ion 
density;  and  finally,  at  high densities,  collisional mixing of the 
upper and   lower  laser  levels  dom: 
inversion.     Large gains  of  the  oi 
computed with  this  simple model. 

upper and   lower  laser  levels  dominated and wiped out any  population 
inversion.     Large gains  of  the  order of a  few hundred cm"* were 

As more physics is added to the XRL-l computer model, the calculated 
3p >* 3s inversion density is expected to be less than that computed 
from the si.iplified three-level scheme, due to  depletion of the upper 
laser level by atomic processes other than the laser transition (See 
Fig. 24).  Probably the Tiost dominant process contributing to depopulation 
of the 3p level in the important regions of dens.i.^ and temperature 
is ionizatlon to the ground state of the next higher species. To 
test the effect of ionizatlon, a series of runs of the XRL-1 code 
was made for 0 III in which the populations of the ground states of 
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■ 0 II and 0 IV as well as the three 0 III levels (2p, 3s, 3p) were 
computed if a function of time. 

The atomic processes and energy levels considered by the XRL-1 
model are indicated in Fig. 24 and also in Fig.25, where the .irrows (both 
solid and dashed) indicate the transitions which were Laken into account. 
Whore applicable, tVt-.  following atomic processes were considered, 
collisional and radiative recombination, collisional ionizaM.n, 
collisional excitation and deexcitation, and radiativ* decay.  All 
collisional processes are assumed to be dominnted by electronn. Other 
assumptions of the model are listed in Fig. 25. 

The curves in Fig. 25 compare the gain coefficient obtained from 
recent computer runs which have included transitions to and frcmi o 11 
and 0 TV compared with runs made under the sa;r.e conditions of density 
and temperature but with only transitions (solid arrows) between the 
three 0 IIT levels considered. As expected, the inclusion of 
ionization and recombination does reduce the population inversion oy 
providing an additional sink for atoms excited into the 3p level; Vt 
the drop is only about a factor-of-two for what is exptcted to be the 
most dominant inversion depletion mechanism, and tho remaining gain 
coefficient is still large. 

The addition of more physics and more energy Levels to the model 
:'nd the extension of 3p -> 3s modeling to higher atomic number iptcit« 
such as Mg VIl (hence shorter wavelengths) wiLI provide a better grasp 
on the understanding of the lasing mechanism and pump requirements, 
a.s well as guiding the choice of experimental conditions to ptjdijce 
vacuum-UV and t>oft x-ray lasing. 

REFERENCES 

1. R. C. Elton, and R. H. Dixon, "X-ray Laser Research: Guidelines 
and Progress at NRL", Proceedings Third Conference on .ascr. . 
New York Academy of Sciences, 1975 (to be published). 

2. R, C. Elton, Appl. Optics 14, 97 (1975). 

3. R. C. Elton, "Three Quasi-CW Approaches to Short Wavelength Lasers" 
in Progress in Lasers and Laser Fusion, p. 117 (Plenum Iress, H«w 
York, 1975). 

V. I.  RECOMBINATIOiN' PUMP MODELING 

The creation of a population inversion by preferenLiai filling of 
more highly excited bound states in a free-electron capture (recombination) 
process has prove" attractive to a number of researchers in Lhe short 
wavelength laser field.  In order to better understand the < pportuniti.es 
and limitations with this scheme, computer modeling is necessarv, 
since many competing processes are present of both collisional as well 
as radiative nature.  Therefore, a computer code has been developed1 
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Fig. 25  Computed peak gain coefficient:, or, for lasing on o HI 
3p • 3s line as I function of/IJJC where Ng Is the ground state density 
of the lasing species (0 III 2p2 3P) and Ne is ehe electron density. 
Upper curve Is for a three level model considering only those transitions 
Indicated by the solid arrows while the lower curve shows results of a 
five level model accounting for both solid and dashed transitions. 
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to solve  the atomic  physics associated with such a recombinlng plasma. 
The  specific  Intent has been to  study  the atomic transitions associated 
with a  plasma which  Is  recombinlng to form hydrogen-like and hellum- 
llke  ions.     It  is  felt  that  this approach  shows extensive promise  in 
that  such a  plasma   (one which  is  initially  fully  ionized)   should  läse 
in the  infrared and  visible as well as  the vacuum-UV and  x-ray regions. 
This will make  initial  testing and diagnostics much simpler  (both 
because  the visible  spectrum is easier  to diagnose and  the  time  scales 
tend  to be  longer). 

The main process  considered  is  the  recombination  of a  fully  ionized 
plasma via  three-body recombination  favoring  less-bound  states, 
with  subsequent  cascading of  the  electrons.     The  present  study  is 
for the  initial  fill-up stage,  where electrons combine with bare 
nuclei  to  form hydrogen-like  ions which  läse  for a  short  time and then 
equilibrate with the  surrounding  free electrons.    This  system coulo 
produce a  short wavelength  laser,  but  there are  three difficulties 
identified:   firstly,   the  time  scale  is  shoit  enough that,  even  if 
lasing occurs,  detection will be a  prcblem;   secondly,   if  such a 
system could be maintained  for a   longer  time,  higher  inversion 
densities  should result and  thus  higher gains;   finally,  plasmas 
start  out at high temperatures and  if   the  system could be cooled   (which 
in general  requires a  time   long compared to atomic  transition  times) 
then even higher gains may be achieved.     Thus  some reasonable cooling 
scheme needs  to be devised.     It  is  well  known that  plasmas  of  interest 
can be  generated  (temperature — 2-5  eV,  electron density «■  10^  - 
10° cm"-3).     The problem then arises as  to how to coo]   these  plasmas 
to a  temperature  such  that gain  sufficiently  large  for  super-fluorescence 
may be  obtained.    This  is  the  project  of current  Interest,  namely  the 
long  term  solution  of the rate equations  for real  experimental  conditions 
wherein a  plasma dynamic   laser may  be  obtained. 

One  further point  should be mentioned:   it has  been estimated that 
the    maximum Z   (nuclear charge)  which can be utilized,   is  on  the order 
of 30.     This  is determined  from requiring  the gain  to be greater  than 
unity and setting the maxitntm density  to be  that  of a  solirl 
(o ~ 1  cm"1 and AN ~ lO2^ cm"3).     This  Implies 

2Ä 

which  is  well within the x-ray region  (barring depletion of  Inversion 
by radiative recombination preferentially  into  lower  states as discussed 
in the  Introduction above).     This means  that copper  is marginal 
(Z  =  28)  as a  lasing medium,  but  that  the Kn    lines  of  copper nay 
eventually provide an x-ray  inser.     The  first effects,  however,   should 
be a   feasibility  study of  low Z elements  in the  longer wavelength 
regions where diagnostics are  somewhat  simpler. 
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experiments  have been completed. 

5.     Problems  in synchronization of a   1600 X amplifier have been 
identified and  laser  triggered  spark gaps   improved.    Alternate 
amplifier    approaches are being  investigated,   including noble 
gas   lasers. 

I ■ 

: 

i 

1 

■ 

THEORY,  ANALYSIS,   AND MODELING- 

6. A  general atomic  physics  program for  modeling  ionic  pumping is 
progressing in  complexity and  is  yielding promising gains, 
initially  for 3p  -  3s  transitions.     Its versatility  should 
make  it very useful  for future modeling of  other  promising 
approaches  involving  ionic transitions. 

7. The  recombination  scheme has  been analyzed  in more detail as 
far as  the atomic  physics  of the  capture  process  is  concerned 
and certain   limitations have been better defined. 

8. A  rather general  prognosis analysis has  been  completed for the 
currently most  popular schemes, with an assessment  of those 
approaches  capable of extrapolation at  the  lowest  possible 
density of amplifying  particles and pumping  particles  (or 
photons),   to permit  flexibility and avoid high density effects 
on  the gain  coefficient.    A  thorough  review of  tbd x-ny  laser 
research field has also been initiated and  is  expected to be 
completed  for  publication in the near  future. 

In brief,  this  period has  seer a gradual  shift   in major effort 
to more measurements and  less apparatus development,  a   trend expected 
to continue   for  the next  period.    The charge transfer experiment  should 
yield much data  in the next  six months and graduate  to  the  lar9;e glass 
laser facility  for direct   laser tests.     It  is  rapidly apprnar'.nng 
a critical  proof-of-concept  stage.    A decision will  be  forthcoi ing 
soon on  the most  promising approach to pursue  in  1600 Ä  amplification 
and a concentrated effort in  this area can be expected   in  t! e next  period. 

Finally,  reprints  of  the important  publications and  presentation 
abstracts are  included  in  the  following Appendix,  beginning with the 
article containing the  prognosis  survey mentioned above.     These  re- 
present work completed  during this  period and are   included  to  provide 
further details on various  portions of  the  program. 
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VII.     APPENDIX 

PUBLICATIONS ANÜ   PRESENTATIONS   FOR THE REPORTING   PERIOD 

PUBLICATIONS 

"X-Ray Laser Research:  Guidelineb and Progress at NRL" 
by R.' C.  Flton and R.  H.   Dixon Al 

"Extension of 3p   ► 3s   Ion  Lasers Into The Vacuum Ultraviolet Region" 
by R.   C.   Elton A25 

"X-Ray Emission from Laser-Produced Magnesium Plasmas" 
by T. N. Lee and D. .1. Nagel A30 

"Two Photon Enhanced Negative Nonlinear Susceptibility of Cesium 
Vapor at 1.06 ..", by R. H. Lehmberg, J, Reintjes, and R. C. 
Eckardt...     .A48 

"Generalized Adiabatic   Following Approximation",  by  R.   H.   Lehmberg 
and J .   Reintjes _   ,A7a 

PRESEM'ATIONS 

"Generalized Adiabatic   Following Approximation",  by R.   H.   Lehmberg 
and J.  Reintjes  A 112 

"Negative Nonlinear  Susceptibility of Cesium Vapor at   1.06    " 
by J.  Reintjes,  R.  H.   Lehmberg,  and R.  C.  Eckardt A113 

"X-Ray  Users:  Guidelines and Recent  Progress",  by R.  C.  Elton A114 

"Multiple Micro-Pinch  Process  in Vacuum Spark Plasma  Focus",  by 
T.  N.   Lee A115 

"Spectroscopy on  Plasmas   for  Short Wavelength Lasers",   by 
R.  C.  Elton A116 

"Atomic   Physics   in   User   Produced  Plasmas",   by R.  C.   Elton A117 
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X-RAY  Utn  KKSKARCH:   CIMUKUNKS ..NP   PIOCKESS A'l   NRI.^t- 

by 

K. c. tLim and K.  ii.  DixcN 

Naval  Resca- t Ii   l.ilxiraL.irv 
Washington, ! .  c.      20379 

ABSTMCI 

leased  npiin  several  gSMra!   trlfiim  currently  considered   for 

acliieving  significant   gain   in  the V   ciniin-tiV and  x-ray  regions, 

magnitude  estimates  of   the  pumping requirements  are   deduced and 

graphed  as  guidelines   for   future  research.     A  high  density col- 

lision   limit,   is  also  suggested as a   function of  wavelength.     Recent 

progress  at   NKI,  in  numerical  modeling and  experiiiier ts   on   two 

promising  schemes,   namely  3p  • Js  extrapolation  from  the ncar-UV 

and  resonance  charge   transfer  pumping   for   the   soft   x-ray  region, 

are  descrihed. 

INTRnmiCTlON 

There have  been a  numher  of  proposals   for  x-ray   laser  schemes  in  the 

past   few years,  along with   some   reports  of observed  gain  as  well as  evidence 

for population   inversion.     While   to date   there  are  no verific.t  claims  for direct 

amplification at wavelengths   shorter   than   1000 I,   there   is  continued  optimism 

■"Tresonted at   the Third  Conference  an   Lasers,  New York  Academy  of  Sciences, 
April   22,   1975   (proceedings   to be  published). 

tSupported   in  part  by  the  Defense Advanced  Research   ProJects Agency,  DARPA 
Order  2694. 
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that  •> Konol «tie advancwwi       l     trda aluirtex    wivlangthi witli steadily 

iAprovlUg  p'imp  S'   Tees   is   (KNIsibl*«      11      'v well   be  Lh.'it   the  plasna  devices 

described beio  will   bfl   ivic .rated  with  d(-viccs  bated  "ii   Cri'qnency multi- 

pltcadon  scliencs     dii'--  ranching  B87     )   i ti i^btaln   i  cobereut,  nuipllfied,   sbort- 

i   • l'iir.tii  baam.     Wit     a     umprohenaIva  review article   in  preparation,  no 

ii.'en\pc   it  cuuip'r tc.,. s'    is   intcntiod  bert.    Wbai.   is  ottered are   some 

, ünor.i 1 ized  extrapolatloul   fot  eartata  popul ir  pmnping schemes  that  can 

als»   bi>   irc.ii'l   ii'laiivc'.   conven lent ly by  siuiple analytical   formulas, 

'.v'hüe  each  scheme   is  aufClelantly  euaplax  to v^arrant detailed numerica1 

.nudeliiiR,  a  Drimary   intention  here   is   to plot  n  rough  course   in  somewhat 

urcertaiii walei s   in   japaa   of avoiding  some  possible misadventures,  while  at   the 

sair.e  time  perhaps anticipating  srroe needed   information  for  support  of  the 

most!   -experiniental   pri.;!''!.     Two particular approaches  underway  at   the 

Naval   Research  Laboratory will  be described as  examples,  with emphases  on 

some  current   results   ir.  bwtli  mmierical modeling and  experiments. 

GEMRRAL GUIDKLINKS 

Among  the  numerous  propo.sals   for  the attainment  of net  positive  gain   in 

the   soft  x-ray  region,   there  arc   least   five  rather basic  processes   (namely 

photoLonizatiun,   elociron  colllalonal   excitation,   etiarge   transfer,   dielectronic 

capture,  and  re?ombinal ion)   for which  sufficiently  simple   formulations exist 

to attempt a  wavelength  projection of  the necessary  pumping conditions. 

Since  many  variables  enter and many  experimental   approaches  are  possible, 

rather  bold assumptions mtHi   be made.     Nevertheless,   the  results  are   informative 

guidelines   for  reasoniblc  experimenting,  and  should not  be  assumed  overly 

constraining. 

A2 
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[fdioring  tl.e  ralhor  di-itant  possihility  of   future  development  01   „.   lectivi 

resonance cavities     for  this wavelengtli region,  net  gain   is  given by exp(»L), 

where  1. is  the   lasing-mcdium  length and  the  small gain coefficient a for 

amplified  spontaneous  omission can be written as 

4-1  Av 
(1) 

(This  only  includes   resonance-absorptior.  beam   losses.)     Here  I   is  the   laser 

wavelength, Av  the   line widtli   in   frequency  units,  and  the  quantities 

Au£ '<nd Aiiul  refer  to   t,,e   tttttWltiOB  probability and   inversion  density, 

respectively,  between  the  upper and   lower   laser states  designated by the 

appropriate  subscripts.     Dopplor broadoninK,  when assumed,   requires  the 
i. 

8   ■   ()(i,.n2)-   factor.     The   inversioti  density   is  given  by 

AN   .   :    N 
ui 1 

8 /N 

I, t 0    l« 1   - 
»I    Nu 

(2) 

where the g's refer to statistical weights and N is the density of the 
o ' 

initial energy state from which pumping proceeds.  Kopulation Inversion 

occurs when AN^ is positive, i.e., when l|M > 8UN£.  It is important to 

notice that Inversion ran be. achieved (and measured) even with low gain 

CvL, since the —gnltud« at  AN  is determined by the initial density N 

and the degree of pumping N /N  (as well as the medium iengtli L). Also, 

No' Nu' and N£ do not liavc Lo he  l,f tlic same sPecies. although rapid re- 

A3 
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generation of  Ulio   initial   slalc  must   oeenr^.     Assuming  that  a  high  degree  of 

inversion can bo obtaiMd  hy  some  process,   the gain coefficient  can be 

approximated by 

>2A N 

4-, 2   . 
fi     N (3) 

A   closely  rclati'd  ropiiroment   is   the pump  irradiance  P/a   (P  the power, 

a   the   irradiated aroa")  necessary,  which   is  siven simply  by t 

P 
a 

U     \\l .     4n     he       oiAv 

> 
(4) 

Likewise, the pump power density P/al, is a useful source parameter when the 

gain coef f ic ient: cy U tixi'd instead of cyL. According to F.q, (3"), high gain is 

achieved at high density nnd/or a high degree of: pumping and in narrow lines, with 

the required pump power fKq. (4)1 concentrated in a small volume.  A 

comparison of various ■pproaehoa shows tliat the potential pump source of 

greatest irradiance it prosonl appears to be a focused laser beam, 

generating B high density plasma.  For example, 10 percent of the power 

from a 1 'IV laser beam 1 i i'"-focused to 400 /un over a 1 cm length would produce 

ere nhe  time  dependence  of   the   inversion  will not be  further discussed h 

(see  Refs.   I,   2,   7,  and   10),      If not   limited   to an equilibration  time 

'A   0,   i.e.,   for quasi-cw operation,   maintainnent  of N    through  regeneration 

must be  provided-for. 

"'Where  competing  transitions   (e.g.,   by  collisions)  with high depopulation 

rates  I)      also exist,  A       Is replaced  by A    +1)   .   in Eq.   (4)   and  p/a   is 

proportional   to ^/A,,,,   'or R^ ^ *nä'    Tllus •   the Pumping requirements can   greatly 

increase  for relatively weak and  "metastable"  transitions,   even  if any  could be 

identified   for  population   inversion. 

A4 
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fflM        10      W/cm     in  ,-i   plism.i  PI. divn.i.      (Maf-.n LLude  signi f Icancos  are  dicOMMJ 

below.)     Vacuum  spark  dischAtgea   can  convrnienMy pro'lure  powor   .lensities 

P/Ua   <   10      W/cm   ;   however   tbo   liniioti   lentil of  tlio    -100  ;mi  spherical  plasma 

does  not  prodtio-,1 a  high,   cl i recr.inn i I ,   r.aiii   tacLor r,l,.     This   ilmple  device  is 

thus  rv^re   luilahle   f .r  popttUfcton   i     • rsi .u expei inicuLs   umlcr   local   conditions 

similar   to   laser  produced  rlasma:;.     i  Icrtroa  I earns with  power  c.ni:parable  t-«  tlie 

lasers  exist,  bui   the   limited   focus   (~  100\'  larger  than  the   laser   focus)  and 

the   limited  risetimes  do nol   make   them as aMractive at   present.      Ion  beams 

appear attractive   for   pumping   targets  at   near  solid  densities;   however   this 

approach appears   to  be   liinilcd a(   present   to  the vacuum-UV  region  by   state- 

of-the-art beam  technology. 

Since   laser-heated  plasmas appear   the  best  candidate  at  present   for 

high  power pumping,   it   is  appropriate   to assume tv  to be   the  Doppler width, 

with   the  possibility  of additional   densuv-dependent   Stark  broadening2 at   the 

highest densities.     Since   the Doppler width  can be expected  to be  comparable 

to  the natural width  for   low-Z   innershell   lines   in cold  target atoms,2  due  to 

the  rapid Auger rates  present,   the as-urption of Doppler  broadening  is  probably 

not   limited  to  the  plasma  approach.     With Doppler broadening,  dv/v9¥/e. 

where v   is   the mean  particle  velocity.     With a  typical   v       10     cm/sec  and 

II  ■ »A i   tlie pump  power  paramete.-s   D/aL and  P/a  scale as  X "^ and  specific 

numbers are  shown  in Table   1   air a  gain  factor a=5.     This   indicates a  present 

short wavelength   limi.   of 1     ■   10 A   due   to    pump power   limitations.     The 

value  of «=5   is  chosen   for significant  gain over a   1  cm  length,  which  is 

likely  to be   both convenient   for a   focused high power   laser beam and necessary 

for a   short  pulse  single   transit   (L/c    -30 ps").     If N  /N   , 
u     o 

A5 
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(for  pUflMISl     wore MMMtd.     tl»«   formulas   for excitation and   recombination 

were derived  from a eolUctloO  given   in Ref.   5.    The conversion  to wavelength 

scaling was achieved with  some   rather  arbitrary   (and  optimistic)   buc necessary 

approximations   for  shortest   w.ivelengtlis and  a  plasma mediimi.     The   laser wave- 

length was   taken  from l.yman-^ scaling as  >   =   Ulö/z"   in angstrom units,  where 

z   is  the   ion  charge.     The   ionizalion  potential  was  assumed   to  be  30  percent 

higher  than   the  excitation  energy   interval;   the   latter was  also  taken  to be 

3X  the plasma  electron  lempcrature and  related to    wavelength directly by 

hc/X. 

In  addition  to  the  geometric moan     pumping densities,  also  plotted   in 

Fig.   1  is  the density above which  Stark  broadening becomes  significant and 

must  be   included   in  the  gain   formulas.     Since  Stark widths   scale approximately 

as   the  density of perturhevs ,   an  effect    is   to cancel  one  density   factor   in 

the  gain   formula  so that   the  density  requirements   for a   specific   gain  factor 

rise more  rapidly with  shorter  wavelength.     Also.the onset  of   significant  Stark 

broadening  is associated with  strong collisional effects,  and   indeed a check of 

several possible pumping  schemes  at  different wavelengths   (including the 

3p->3s  numerical modeling  described  below)   verified  that   the   "Star'-,   line" 

in  Fig.   1  represents  m approximate  upper  derslty   limit  above  which collisional 

statistical  equilibrium   (without  population   inversion)  eventually  dominates. 

An  immediate     implication which  follows  from Fig.   I   is  that  compression  to 

supra-solid  densities   in  plasmas,   such as  pV. ined  for   laser   fusion,  will 

be advantageous mainly   Lor  hard  x-ray   Using,   i.e.,  X  <   10  A.     Since   10 A 

is a  present   technological   limit,   it  will   probably be a  new  generation  of 

A7 
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high  power,   short  pals«   lasers  with   luertial   compresaion  that achieves  hard 

x-ray   lasing. 

Returning  to the discussion of various  pumping  results   in  Fig.   I,   the 

mean density  ruquiroments   fur  the vacuum-lfV  region   (\ '->   100 fc)  are  comparable 

within an  ordf.r   of mapi    ^ ucle   for  the     ixed  gain   l.ictor   (=5)  assumed.     Electron 

collisional  excitation  is   favored,   and   the  density  at   long wavelengths  agrees 
f 

with  the 1I9 discharge  laser    conditions.     The mean  density derived   is  extra- 

?1       -3 polated  to values  greater  than   10'      cm       in anticipation  of possible   inertial 

expression.     Pholoionlzation  could  continue  to  higher densities  as   indicated, 

2 
wiili near  solid   targets.       Colll simial   (3-body)   recombination  requires  densities 

close  to ti.e Stark-collisional   region and har- a  short      wavelength cutoff 

at  ■-15  A   (for  N  =10      cm     ),  below which   radiative  recombination  depletes   the 

inversion by preferential   lower   state  population   (see Ti.ble  2   footnote). 

21       -3 
This  wavelength  "cutofl"  loincides with a  mean  density of ---lO       cm       which 

is also a  topical  upper value  for  present   laser-produced plasmas. 

Resonance charge  transfer appears  particularly attractive  for  the  shorter 

wavelengths because  of  the  reduced  scaling  of niaan density and   the   large 

2   2 A 
absolute cross   sectiuns   (    f\     z   )   projected     from beam data  at   lower  degrees 

of   ionization.     This  example  shows   the  general  attractiveness  of a   large- 

probability  pumping process with  an   increasing cross  section at   short   wave- 

lengths   (Table  2).     The  densities   remain  reasonable,  with a  latitude   for 

higher  gain  coefficients.    Wavelengths  shorter  than  10 A   in plasmas  will 

still  depend  on  future pump sources   (Table   1)  and proper resonancei must be 

found   in an   ion/atom mixing  ^one,  as   discussed   further below. 
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The estiwiLcs  plotted   Up   l"ig.   1 .lid   in   introducing a  discussion  of  two 

approaches  being   followed at   NRL witi>  both  nirr.ijrical    uodeling and  expel iments. 

For wavelengths   longer  ttian JO" A,  r.n attempt   is  underway  to achieve population 

inversion and aitiplification  on  'ip -5    electron  collisionally exciter  ion 

transitions,   simil;',r   lo  those   tliat    111   cw   in   the near-UV  region with  resonant 

cavities.     At    wavelengths  shorter   l.h;.n 400 A,   th'i  resonant  charge   transfer 

effect   Is  studied   in an   intcractiun   ici;ion  between an expanding plasma and 

a  neutral atmosphere.     The presently   Dromislug  zones are  shown  by  enhanced 

lines   in  Fig.   1.     A more detailed description  accompanied  by   recent   results 

follows. 

MSOBHT tWCKLSt AT NKI, 

Ton Unser Extrapolation 

A   large number  of   ions  have  3p  ■ 3s   transitions  on which   lasing has  been 

demonstrated   in   the near-UV spectral   region   in  resonant  cavities.     Recently, 

it was  shown analytical   y    with a  simple 3-level  scheme  that   this  ••ransition 

in carbon-like  ions could be   inverted   in a   plasma with a  sufficient density  to 

achieve amplification without mirrors   ii   the  vacuum-UV  region.     The  possibility 

of achieving extended   laser  intervals   ui a  quasi-cw mode  of operation   (through 

rapid  3s »2p decoy)  was  presented,  although  the  time  limitatioiio  depended  on 

the particular  plasma  conditions and especially  on  the ability  to maintain 

a high electron  temperature   for rapid  pumping and   large   inversion.     Following 

this   first  anlysis,  an  existing    "hot   spot"  plasma/atomic  NRL code was 

9 2+ 
adapted'   to   include  lasing  conditions   for   the 0       ion and  the  results 

supported  the  previous  conclusion,   i.e.,   significant  quasi-cw gain was 
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possibh  at a tensity «♦< «boat in15 wT   witti a U*in| tta« IflR the upper 

»tit« spuiitanoous decay lir time10.  Meanwhile, a versatile program designed 

for expanaion of stale.s ,iml extrapolation to short wavelengths has been 

assembled11 and the first tested on 0 + ions to show agreement with the earlier 

hot-spot results.  The levels and transitions inc hided at present are shown 

in Fig. 2, is are. those to be added (dashed).  Ar. j resent, cooling of the 

prefercnt ially-heated electrons is assumed to occur by collisional equlpartition 

of energy with cooler ionr..  I'xpans'on, radiative cooling and thermal conductivity 

will he added.  The latter is expected to bo the most limiting as far as the 

las lug interval is concerned, hu. is also a highly uncertain factor since 

contact ion to a surroimdinft Loole; plasma or target in the presence of self- 

generated inngneLic fields is not predictable at present.  This limitation will 

t.hcrei.-e probably be learned Lrom experiments.  Present predictions  of the gain 

factor as a function ot  density, are shown in I'ig. 3, where the decrease at 

high densities is due to collisional mixing leading finally to a statistical 

non-inverted elrcrron <l istribut ion. At the highest densities. Stark broadening 

will also be included. 

An experiment undprvay to verify these predictions fd  ajd supporting 

data10"13 is illustrated in Fig. 4.  Tn essence, a linearly extended medium 

with the desired ion concentration is formed by an expanding plasma, created 

initially at a target onto which a laser beam is focused with a cylindrical 

lens.  A second high power, short pulse laser is focused axially into this 

plasma to provide rapid and prcLeretitiaI electron heating for population 

inversion.  The svnchroni/.ation of these two laser pulses is described else- 

where.11"13  It is intended that net g;.i.. w M ba verified experimentally 

by orthogonal intensity measurements on the 3t<-*3s   line, after si ort puise 

pumping in the appropriately designated spatial zone is accomplisied. 
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However,   cvideuec   tot  pefnlfitlm   inversim will   first  be  sought  bv  relative 

3))-* 3s and  3s  • 2p   line   intmisity measurciTients.    A   relative   intensity   (grazing- 

incidoncc)   spectrograpl,  c.i librat ion  over  tiie   -Xl() wavelennti.  span   involved 

will   be  completed   by  corresponding nearby  M > 3y   -rmd  3d > 2p  lines  originating 

fiom  tbe  name  upper   level   (branching  ratio  technique),  as   illustrated   in  Fig.   5. 

Initial  space  resolved   (grMia|  incidence-)   spectra   of an expanding  laser- 

produced magneäium  plasnn  are  under  study at  present   to  identify  the   lines   from 

these   transitions. 

Kesonanc.: Charge  Transfer   in  Plasmas 

In a   sch>me   similar   l.o  that  proposed by Vinogradov and  Sobel'man4,   a 

large  concentration  of   resonance  charge  transfer   interactions are  sought 

in  the   interacting  region  between an expanding   laser-heated plasma and  a  surrounding 

neutral gas atmosphere.     The energy   level  structure   is  shown  in Fig.   6  for  the 

exothermic  charge   transfer  transition   into n=3   levels,  as  an example with  some 

parallelism to  the  3p - 3s  scheme describ-d above   (in   fa-.t,   the  same modeling 

may be extended   for  this   scheme  in  the   future).     As   shown elsewhere,10 a 

simple  Landau-Zener   theory application  for  s-s  transitions  can be applied here 

and  resonances  can  bo  expected  between hydrogenic and helium-like  ionic 

species  of  I'ght  elements and  hydrogen,  helium and neon atoms,  with   laser 

transitions   in  the   100-400 A   spectral   region on 3^2,  4,2, and 4 »3 

transitions as a   start,     lir.der optimim, conditions,   gain  factors cv  in  the 

20-50 cm       range are  predicted. 

An experiment  designed   Lo  lest   this  approach   is   shown  schematically   in 

Fig.   7.     Space-resolved  grating-incidence  spectroscopy   is  presently used  to 

_ 
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measure  relative   line   intensities and  ovontually  orthogonal   laser  line 

emission   (by rotating  tli"   1 Ine-focuslng  lens).    A  6J,   20 ns  ruby  laser  Is 

presently beln»; used   for  preliminary  tests,  and a mlcrodensltometer tracing 

of a  typical   spectrum  olHained  with a   point   focus   Is  shown   In  Fig.   8. 

The   intense   lines   identified   (In second  order)   are associated with resonance- 

series   transitions   In   lielium-1Ike C     (CV)   and  hydrogenlc C     (CVt)   carbon   Ions, 

as   indlcateu.     Kccoinhlnn( lou  emission  beginning at   the  series   limits  Is also 

observed.     A   spal ia 11 \ - resolved  spectrum  of  these   lines  with   limited  -esolutlon 

was  obtained using a   500    mi-v/lde  orthogonal   slot   (as   Illustrated  In  Fig.   7) 

■ird  is  reproduced   in   Pfg.   9.     The   linos are   seen   to originate   In  the higher 

density   region near   the   target   surface  whore  Stark  broadening dominates and 

some  self-reversal   Is   observed,   indicating a   large  optical  depth.    As  the plasma 

expands away   from  the   surface,   the CVl   lines   fade   first,   with  recombination 

supporting  the CV   lino   intensities.    All  of   the  spectral   lines are observed 

to narrow at   Increasing distances  from the  target  where   the  charged  particle 

density   is  decreasing.     These  spectira     ^re  obtained  without  a  background 

gas.     Examination   of   the  CV   lines with   10  ton   of helium background gas 

indicates  a  narrow  (■,  100   r-m)   reacting zone at  about   1.4  mm   from the  target 

surface;   however,   the   results are  too preliminary  to be  definitely associated 

with a  particular mechai. I.cni. 
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TABI.K   1 

Vnbmietri.c   I'umping Requirements   for f,-5 

I til! 10 100 1000 2000 

P/aL   (K'-cm 10 
18 

10 
14 

HI 
10 

10 

N    r     (> ■)   (cm     -sec     | 10 
o    ou 

10 
30 

10 
27 

10 
24 

lAUU.  2 
I 

Pumping  Hate CoerflclcnL  Magnitudes  Scaled 

I'roccss r .      '  v   '   (cm     sec     ) 
on p  p 

I'liotoionizat ion 

Electron Collisional  rxcilation 

Diclectronic Capture 

.     '',c Ci- i 1 is iona 1   Recomhina t ion 

Resonance Charge Trausfor 

io-12 X 

io-13 >3/2 

id13 x3/2 

Id13 >5/4 

io"6 r5/4 

Wavelengtli  )    in Ängstrom units;   >=r> assumed. 

b .        ,   21     -3 
I'lcctron  density  N   .N =10    cm ■     p 

-11     -' 
Must  exceed  radiative  recombination   for which  r       -■  10 X     ;   i.e. 

ou 
X ^   15 A 
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influence of collisional mixing and finally collision?! statistical equilibrium 
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CALIBRATION MEASUREMENT 

3d- 

Fig. 5 — Transitions involved in determining the population inversion ratio 
^ap/N,-^ from relati /e line intensities, using branching transitions shown from 
the 3d level for instrumental calibration 
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Fig. 6 — Schematic diagram of exothermic s-s resonance charge transfer reaction 
leading to population inversion between n=3 and n=2 levels in certain helium- 
like or hydrogenic ions.   EB is the binding energy. 
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Extension of 3p—> 3s Ion Lasers into the 
Vacuum Ultravioiet Region 

R. C. Elton 

The feasibility of extendinn existinK near ultraviolet ion lasers into the vacuum ultraviolet spectral region 
is ana'vai with a simplified three state m<id«l. Single pass amplification in , laser produced plasma of 
reasonable -ngth, pump power, and rise time requirements is predicted, esfx^ ially for high electron tem- 
peratures. The result» are intended to serve aa a basis and incentive for deta,led numerical modeling and 
for experim .nt«. 

I.     IntrocK clion 

Lasing in multiply ionized atoms has been demon- 
strated in the visible and near-ultraviolet spectral re- 
gions with gas discharges in resonant cavities.1 It 
would be of great interest and importance to trans- 
late these results to shorter wavelengths isoelectroni- 
cally." At vacuum ultraviolet (vuv) wavelengths 
shorter than 2000 A, conventional cavities become in- 
efficient, and impractical below 16(MI A. However, 
for amplification of, for example, a frequency upcon- 
verted coherent vacuum-uv beam,-1 a resonant cavity- 
is not required, provided significant gain car be 
achieved in a single photon pass through an inv» rted 
medium of reasonable length. Higher inverted state 
densities are required for single-pass amplification 
and for short wavelengths, with an upper density 
limit set by rapid depletion due to charged particle 
collisions. Population inversions are often self-ter- 
minating in time as equilibrium population distribu- 
tions are approached, and the required rise time of 
the pumping source usually decreases with decreas- 
ing wavelength according to increasing transition 
probabilities for spontaneous decay. Also, the higher 
excitation eiergy in the heavier elements required for 
short wavelengths (isoelectric extrapolation) requires 
increased particle energies and densities for collision- 
al pumping. 

With these general guidelines we have attempted 
to analyze the scalability to shorter wavelengths. 
The highest degrees of ionization in heavy elements 
are obtained in high density plasmas, in short bursts. 

The author i.^ with the I'.S. Naval Research Laboratory, Wash 
ington, D.C. 20375. 
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and in small volumes with a limited amount of avail- 
able energy. A conceivably practical device, compat- 
ible with present technology, would be a linear plas- 
ma of about 1 cm in length, with the necessary ions 
and particle densities produced from a solid target by 
a line-focused laser beam. Longer plasmas may 
eventually be g derated to produce increased overall 
gain, or perhaps decreased density for improved effi 
ciency, as more powerful lasers are developed. Long- 
er lengths may also become a possibility with axial 
heating of gaseous media by long wavelength lasers, a 
concept similar to that proposed for fusion plasma 
heating.4 However, absorption and heating is a func- 
tion of the plasma temperature and density, and uni- 
form heating with narrow channeling'' must first be 
proved. For short wavelengths and high Z materials, 
solid targets are generally more readily available than 
gases. It therefore seems reasonable to model the 
present analysis around a transverse irradiated and 
vaporized solid target plasma medium. 

After expansion the initial plasma would be 
pumped axially with a separate sho.-t-pulse laser; this 
would prefere'uu.lly heat the electrons, which in turn 
would produce the inversion by electron-ion colli- 
sions. A high electron temperature T,. is often ver, 
beneficial in producing a high inversion when, as 
here, the electron density is limited; also a low ion 
temperature reduces the (Doppler) line width and in- 
creases the possible gain 's.?e Kq. (1) below). Thus, 
an electron-ion temperature differential is desirable, 
and this may be achieved by allowing »he ions to ex- 
pand and cool (faster than retMmbination takes 
place) and by heating the electrons in times shorter 
than the electron-ion energy equipartition time. 

Considering resonance-lin absorp'ion and stimu- 
lated emission, the gain in a h mogeneoür. medium of 
length L is given by I/IQ = exp(aL ), where ■ is the 
gain coefficient6: 
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probaLnit'v 'l"'^'^-«r'''"«"'. 4 the tradition 
probahilUy, A, the D.^pler 1m. width in ftMlMBCV 
"""-■ ^« g ,,, ^ A, he s(a,jslk.a| ^^2 
populafon .iensit.es tor the upper «d low las" 
.■U'ls. respert.wly. l'h„loi(,„1Z(1ti.,n losses are omit 

u-d here, s.nce only (K and. / shell electrons are 
PM, and the photon en,^ „f ,,„, short wav" 
tagtk laser l.nes .s .nsulti.„,„  to remove /.  eler 

nZ; s, T "rrüiu"i ,r"m Au«tr d—■ S not ex.st_     Loss o( laser photo,,., through s.a.terim; 
Ims also been neglected here.   A Nfatta of . par " 
ular „L  product (unity for threshold, >5 des rable. 
determ.nes the m.nimum length of the medium, sin.'! 
the other rarameters (e.g., dens.ty) are lixed or lim^t 
ed m the medium.   Thus, we intend ... show tha, H 

Pr«ct.c.a| length of the order of | cm .s reasonable  .. 
a particular transition. 
_ User transitions b«tween two states, In.th with n 

a principal quantum number, were rhosen for de 
faded analysis.   Electron pumping is assumed to pro- 
ceed directly from a n = 2 ground state of a par£, . 
lar on througl. , nondipole transition (slowly decay- 
ing   by electron collisions to a n  =3 state, followed 
by asmg through a d.pole transition t.- a lower n =1 
täte after wh.ch the electron decays more rapidly to 

the „   = 2 ground state.    (It is not necessary to' in- 
voke a seem.ngly less probable combined ionization- 
exc tatum smgle-step coilisional pr.H-ess in the analy- 
se.)    Laser transitions from a n   = 4 upper state 

produce  shorter  wavelength   lines.     However   the 
proximity o. other n  = 4 dipole-decaying states Im 
ts the max.mum elects (and ionldensity to too 

km a value to g-e reasonable laser lengths." Also „ 
- .i to n m ] tllll lllHi in helium like ions, pumped 
from t ta U   fR and state, were considered; however 
he larcje U->ai energy gap severely limits the- ccl- 

bsmnal excitation rates (see Eq. (5)) and therefore 
he available  invers.on  density and  the minimum 

laser length obtainable.    (Note »hat this 3 -2 7ase^ 
scheme   may   prove  practical   when   pumped   fro-• 
above by rapid downward cascading following elec- 
tron capture.) m 

Pumpmg into a n = 3 upper laser state that is not 
d.pole-coupled to r, = 2 levels is one necessary condi- 
tion for mnmtmnmg a large population density, since 
spontaneous depopulation of this state is limited to 
the An o laser transition with a relatively low rate 
Conversely the lower laser state population is kept 
low by a high n = 3-2 dip«!., depopulation rate 
The col isional transmon for populating the upper 
laser state can be monopole; e.g., 2p •£ (2p ♦ST 
not flowed by 3-3 dipole decay). Quadrupole 
Zs -»M exciUt.on is also conceivable. However in 
the torn instances where this might be particularly 
important, namely, the lithiumlike and berylliumlike 
U.nglet) ground state ions, an inverted population 
will not be obtained, since tH pumped 3d upper 
laser state has a shorter lifetime than the lower laser 
state due to a low-lying 2p state. 
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Lasmg follow.ng MMMtll fr-*|p excitation has 
been observed in ions belong.ng to the  beryllium 
(tr.plct system) through the fluorine ix.electronic se 
quences.1    For a particular element   uich as oxyg.-n 
for which data are available), the tr.   H is toward, 
shorter   wavelengths   (and   correspondingly    lower 
gams) for the more highly ionized species (He like. 
Also, pumping by collis.onal excitation becomes more 
difficult for the larger 2-3 energy pap in the highlv 
«".pped ions.    It is also desirnble to have a IwM en 
ergy separation between the upper lasing slate and 
MQf   nearby  states  that   are  dipole-c.Mir.lrd   to  the 
grou ic sta'e, in order to reduce collisional-radiative 
depopulation- he.-    the boron- and carl.onlike u.ns 
areslifhtly lav red. 

II.    Ana ysls 

While observations of lasing in multiply i„njZed 
atoms   have   been   reported,1   no   s.milar   attempt 
towards analysis of the mechanisms and limitations 
has been found in the literature    The present three- 
state analysis for carbon-like ions is intended to serve 
as a guide and stimulus for a more sophisticated jnd 
complete      ..e-dependent numerical analysis (pres- 
ently underway).   Pumping is assumed U, take place 
m a 2p    »-. 2p3p $ monopole (A,  = ..) transi- 
tion, ...llowed by lasing in a 2p3p {Ü    ♦ SpSt *P di 
pole transition, with the final state rapidly decaying 
by a d.pole transition to the 2p^ V ground state 
Lasing from a 2p3p V upper term is also ,Hm8ible. 
I wo-electron radiative-Auger decay to a 2s 2p1 con- 
figuration is expected to have a negligible effect7 

Along the isoelectronic sequence, data are generally 
available up to neon." n   Beyond that, wavelengths 
arf. scaled'- as Z " ', v,here z is th? charge seen by the 
active electron (i - 1 = ion charge).   The oscillator 
strength for the kser transition is extrapolated ac 
cording to a 2- ' ■ empirical best fit (J is the nuclear 
charge of the ion), a.;d the associateJ laser transition 
probability is deduced' from A «f/K?.   The equilib 
num kinetic '.mperature of the plasma in which the 
ions are proc jced is taken as kT * 0.25x. - ., where 
X7-3 is the lonization potential of the next lower ion 
state.   For estimating the excitation rate, and conse 
quently the inversion density, it is assumed that the 
monopole excitation rate is approximately equal to a 
corresponding dipole rate.   This assumption is sup- 
ported by experimental and theoretical results11 «n 
plasma ions and is further discussed h .o«. for the 
high electron temperature situation.    For this, the 

X „* 2p3d 'D allowed transition was used'and 
the oscillator strength was extrapolated empirically 
to unity with higher Z This rscillator strength, as 
well as the n = 2-3 energy difference AA'2 ( are re- 
quired in the approximation used for calcui ting the 
exctation rate in Eq. (5) for An * 0 tr, •. utions 
The energy difference A£,:, was estimate Cviom} 
extrapolation by keeping the ratio AJ?/X «... -Tnt 
along the isoelectronic sequence. 

In evaluating the collisional mixing rate between 
the upper laser state and a nearby state that 'as a 
short lifetime for dipole decay to the ground sta,^ 
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l* in. i.    Minimun-. k.-^th Lmm lur amplil'iratioti in t-art>«>nlike ii>ns 
with Kam cxpl.it I vs ntnmii number 7.. wavrlrnittli \, and linipfr 
aturc when- the elertrun Ik T,.l and inn ikT,l tcmpcraturp-. arc a- 

^rni-d equal    Maxmium elerlron density W,) ,„.„ i> also shown 

the lower laser state was chosen, since—for the cai 
hon sequence at least- it was > lose and thereby had a 
typical overlap (Fn carhonlike ions there are six 
clusfored . = .) states that should he properly con- 
sidered in a -ore sophisticated collisional analysis.) 
The ele''' .. collisional mixing rate C, at an electron 
temperature '.'', and density S, is hest estimated for 
.in =0, /»I "►/=() transitions from twice the line 
width given hy the portion of Eq. (52b) of Ref. 14, 
which pertains to /   • / - 1 transitions: 

C. ■ 6irJV.U»»/i*r,)1/2(fi'«//)V(«' - l2)l/(2l  l   D) 

x ln|5 - (H.5/-)   v   {"'Kl   '   kT.tV/x^U - Dl"1}.   (2) 

where n = 3, / » 1, and where £ = U - 1) c1' u/rr.v,* 
from Eq. (515) of the same reference. Here, <« is 
the ionization potential of hydrogen and u; is th > laser 
angular frequency. The ratio C/'N,. has been 'abu- 
latedlr,forT. = T,. 

The ion collisional mixing rate f, has also been 
evaluated by Eqs. (517) and (518) of Ref. 14 (with the 
former multiplied by the square of the ion charge {z 
- 1)-' for ions heavier than protons): 

(', mJ0/m ♦   Dl l^n/mt^S/U - DjU - I)1 

> {M/kT^IUi2 - I'h-   v exp(-|.V/,7i-r()].    (3) 

where 

•    |Mi - U/MMV^I"*, HI 

Here, M is the ion mass   i    »he ion temperature, and 
A/,/U - 1) is used fo' .h, ion density.   The parame 
ter ('t/N, ha» also been tabulated'' and is found in 
range from about five to two orders of magnitude less 
lhan (',/N, for the neon to molybdenum ions, respec 
lively. 

The maximum electron density is determined by 
setting the collisional mixing rate equal to the spun 
taneous emission probability j4a:< for the laser transi- 
tion. Then, (Nj^ - AyJ(C,.N,.). for f, « (', 
This density upper limit has been tabulated1'' and is 
plotted in Kigs. 1 and 2. The maximum electron 
densities shown are quite consistent with those avail- 
able in an expanding and cooling laser-produced 
plasma. 

If the upper and lower laser terms are assumed to 
be populated by electron collisions from the n = 2 
ground statt- (density ■ NA.) only (see Introduction), 
final coronal equilibrium values, given in a first ap- 
proximation by WftCiaMu), are reached in a char- 
aderistic c-folding time of ~/4,i> ''• This lime is 
much shorter fo- the lower laser level lhan for the 
upper, and the lower level reaches a much lower equi 
lihrium concf.tration mo'e rapidly. The collisional 
excitation rate T.., is calculated with th* effective 
daunt factor approximatim in the convenient 
form"5: 

Fij;. 2. Minimum length /. mln for amplification in tarhonlike ions 
with gain eiplu/. I v» atomic number /, wavelength A. and ion ki 

netii temperature *7", The electronic kinet;c temperature *T, is 
assumed ei|ual to 111 hT, and is plotted. Maximum electron densi 

ty IN,) „.,  is also shown 1 
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11.«    lo-v, v expi A,    ;/ j JW ,(*7;)"!| 

< Af, ser"1,     (5) 

inr iKtt  ""t ^  '" PV and where /; is the average 
Gaunt ta(t(ir ( ■ (1.2). By setting N,, » N,./{2 - 1), 
i he UOMf laser state density mav be calruiated and is 
oiind1' tohe I 10   '^ 

A (|uesti(in renuiins as In how long j n inversion is 
maintained; i.e., what eqiiilihrium po[) ilation distri 
hulion is reached and in what time interval? At first 
«lance it appears possible that inversion can be sus 
iaine'l for an indefinite period. Clearly -x detailed 
lime de|)endenl niimerii.il rate et|uation an, lysis is 
needcl. inclndinK is mam iffec's from other levels- 
'-uch as .ascadint;) as possible. This refir ment is 
now underway. 

III.    Results 

ll is now possible to estimate the minimum length 
accessary to a-hieve a particular gain product - /,. 
Kor Kuppler line broadening (Stark broadening is es- 
timated from 0M\.. and found In be negligible), this 
length is given fur large inversion by*' 

/.      (8ii«i/.l,j.Vlf\,,')(2ir<-r,, .W)"3. (6) 

This is plotted as /, „,„ vs ekment, temperature, aad 
wavelength in Fig. 1 \>T ,<!. = 1 and ft, and for Tr » 
T,. The analysis | 'irried up to molylxlenum (Z ■ 
42), which is the heaviest element for which high 
M;if"- .if iumzation have been reported l; It is seen 
(hat I he parameters involved scale with / such that 
/'mm 's appruximatelv con:,tant for elements heavier 
than Z> 17 and never becomes less than 10 cm, 
which I- sumewhal lung fur laser-produced plasmas. 
However, for neon, the length is < -nsistent with 1-m 
cavity discharge exi)eriments, since <»/ * 1.5%i8puf- 
fici -nt. 

Since it is hoped that the ions may c.iol in expan- 
sion and that subsequently the electrons mav be 
heated preferentially, it is of great interest to observe 
the effeel here. Neglecting the logarithmic term in 
Kq. (2), C/N,. scales as T, ' -' so that <N.)miiX in- 
CVMMI as 7', ''- Also, irom Kq. |r)), (' M/.\ scales as 
(g/T.t'-lexpt-^K.JkT.) .is does NJN,*. 
Therefore, Nmay/Tt exp (-^E,JkTr). and L* 
(7JT,.)U- uxpl^Eji/kT,). The advantage in al- 
lowing the ions to cooi (while ,V,. decreases to the 
maximum va ue allowed) is indicated here, although 
the dependence upon 7', is much weaker than on T,.. 
particularly for kT, <Aft> 'n ^'K -■ the iun tern 
peralure is maintained at the equilibrium value a:- 
sinned above (i.e.. 0.25 x^- i) and 7',, is taker as lOT, 
The effect is to reduce Lmw below unity for thresh- 
old gain and as low as 1.7 cm for oL = 5. This indi 
cales the dramatic effect of increased pumping at 
higher electron temperatures. The I, n„n curves in 
Fig. 2 are to be shifted downward according to v T1, 
lor signific&nt cooling with frozen-in ions. Just 
which ions will be most useful (i.e., the carbonlike se- 
quence analyzed here or another sequence) will prob- 
ably be determined by experiments (presently under- 
way18). 

There are two concerns that we.rrant further con 
sideration for high electron tempwatures    One is the 
depopulation of the laser stales by electron collisions, 
(he net resul' being a (Missible increase in gain length 
over that esl mated above    An estimate"' for ioni/H 
lion from thi n =1! states indicates that irt all cases 
the rate is mi"h less than the dominant collisional 
mixing rate (', used above.   A second concern at higa 
electron temperatures involves the assumption, made 
almve,    that    the    nondipole-transilion    collisional 
pumping rate is approximately equal to (hat ot a cor 
r -ponding dipole transition; i.e., for atoms, iit least, 
t le cross section for the former decreases more rapid 
ly at high electron energy ihigh 7', ) than does the 
cross section for dipole transitions.    For (he present 
T.  = T, analysis, UTjAKj    <  1, ir-d for the TJT 
= 10 analy^'s, feT/A/1'j i increases from approximate 
ly ■) for neon to fi for molybdenum.    From existing 
experimental and theoretical data111'' for multipiv 
ionized atoms, there is no evidence that the i *-2 »3 
nondipole rates will be significantly less than the cur 
responding dipole rates for *T,./AAVi up U> &,   ' ur 
ihermore. da,a exist20 for :i O  •:! transitions with 
fcTV/Ai? KI varying from I to lö, which also shows M 
significant  deterioration   in  the   relative  nundipule 
rates (although the absolute value of the cross section 
is reduced below that for dipole transitions in this 
case).   Data OH relative nondipole excitation rates at 
high elidron temperatures are important, not only tu 
(he present anelysis, but to other short wavelength 
ion laser approfiches21 that depem' directly on a U'e«>, 
monopole excitation rate for the lower laser level at 
anomalou.dy high electron energies in plasmas. 

The required internal pump power density can be 
found from N/VIA£JI, assuming ltt = N«/(| - 
I). With a volume determined by ehe product of the 
cross-sectional area a and the length L. and assum- 
ing a fractional absorption of /,//,„,„ a'.mg with a 
total energy --.inversion efficiency of IJ, the axiiil 
pumping laser irradiance P/a that is required is 
given by 

P/a m S^-^E^L^ vU -  l). (7) 

Here, /, „u is the classical inverse-bremssttahlung ab- 
sorption length, gli'en by1 

5 v iftfi/MiVU - I)   mi 9 

for densities much less than the critical value (*10''!, 

tmT* for A =  1.06 fim radiation) at the piasma fre 
quency.    Here, Te is in eV, X is in cm, and ,\F if in 
cm--'.   Then, 

("a =  (2^1  "^TJ exp(-SE,r'kT,) 'J - \):,,\ 

W cm"'.     (9) 

with Eq. (ft). Within the present approximations. 
f/a is therefore independent of densitv and medium 
length. 
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Numeri.-al rt-Miills indicate, lor an estimated total 
conversion efficiency of 1%, a required irradiance up 
to approximately Ml14 W/cm- for the ions indicated 
in the figures, ..nd for 7', ■ 10T,, This may he oh- 
lained with a 0.1 .1, lO-psec laser focused to a I0u->jm 
iliam. The 1% efficiency estimate is arrived at hv as- 
suming HM for laser heating and 10% for excitation 
of the particular upper configuration, in competition 
iioth with other excitation nvnles and with ionization 
(ionization from the n =2 orhit proceeds at a rate1'1 

comparahle to th-'t for excitation to n ■ | levels for 
the enhanced elect.on temperature case). 

Reterences 

IV.    Discussion 
The experimental scheme proposed ahove involves 

the transverse generation and subsequent expansion 
of a cylindrical plasma and the additional heating 
and pumping by an axial laser beam. A Maxwellian 
electron distribution has implicitly been assumed in 
the aiialysis. The electron equilibration time scales 
as iV,." ' T,^ - and reaches the nanosecond range for 
the high electron temperature cases, which is compa- 
rahle both to the upper laser state lifetimes and the 
collisional excitation times. Electron-ion equiparti- 
tion times are, however, still much longer, so thai 
high T,./T, ratios may be maintained. A more so- 
phisticated analysis will either have to account for 
this relatively slow electron equilibration or depend 
upon electron heating at higher densities with an as- 
sociated risk of excessive cooling during the ensuing 
expansion phase. The latter approach would not re- 
quire additional pump irradiance, according to the 
present analysis; however, a complicated dynamic- 
numerical plasma model would be required for analy 
sis. Experiments will undoubtedly be done wtih var- 
ious heating times. 

V.    Summary 

The present three-slate analysis indicat.-s that it is 
promising to extrapolate successful near-ultraviolet 
ion laser transitions into the vacuum-u. region Rsi 
amplification, by using expanding laser-produced cy- 
lindrical plasma as an initial medium that is subse- 
quently pulse-heated axiallv with available lasers to 
increase the electron temperature Tor efficient pump- 
ing. The particular ion species that are generated 
and maintained in a frozen-in state will be identified 
in experiments. The added effects of other levels, as 
well as the true time dependence of the gain, will 
hopefully evolve from a numerical model presently 
under developm nt. Such modeling of increasing so- 
phistication w'.l require more refined extrapolation 
methods and more basic data, particularly as it pro- 
ceeds to higher Z elements. 

The /lutho is grateful to H. R. Griem for helpful 
suggestons tov.ards evaluating the collisional rates 
involver here. Valuable d'scussions with his col- 
league R. A. Andrews are also recalled with apprecia- 
tion. 
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ABSTRACT 
Mtwli Off;« 

Journdl of Applied Physicj 

Characteristics of the x-ray emission produced by focusing 

12 2 a 0. 5 GW laser to about 10       W/cm    on magnesium metL" targets 

were measured      Approximately 0.01% of the incident laser energy 

of 10 J was emitted in a 11 nsec (FWHM) pulse of x-rays with 

photon energy in the range  1.3-1,8 keV. 
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INTRODUCTION 

Reliable,  casy-tu-maintain lasers with powers up to 

about 1 GW are becoming increasingly available.    When focused,  such 

lasers produce power densities in the  10     -10      watts/cm2 range. 

Plasmas produced from solid targets irradiated with such power 

densities typically have peak electron temperatures near  100 eV (~ 10^ K). 

Thus they are convenient laboratory sources of vacuum ultraviolet and 

soft x-radiation.    There are number of plasma light sources,   for example, 

0-pinch machinesjwhich are capable of producing plasmas of hotter than 

10    K.      Such plasmas are large in volume but the electron density is 

smaller by many orders of magnitude than the density of laser-produced 

plasmas.    In addition,   the low-density plasma machines use gases for 

heating and therefore are limited to element^which occur in gases or can 

be made   n convenient gaseous compounds.    Advantages of laser-plasmas 

over discharge sources  (including vacuum and sliding sparks) are: 

(a) spectra of all elements can be excited,   (b) the spectra are relatively 

free of impurity lines,   (c) the number of ionization stages contributing 

to a spectrum is small and somewhat controllable,  and (d) size of the 

radiating plasma is small enough so that entrance slits may be eliminated 

for x-ray spectroscopy in some cases.    Hence laser-plasmas are useful 

to generate data for interpretation of spectra from other sources.    Their 

radiation is also convenient for testing and calibration of spectrographs 

and detectors. 

The physics and diagnostics of high temperature laser ph smas are 

presently receiving intense study.    Central problems include coupling of 
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laser energy into the target plasma,   and the division of th-it energy into 

'hermal conduction losses, plasma expansion and radiation.    Plaama 

temperatures and densities are desired as a function of lasr.r pulse, 

focusing and target parameters.    In this regard,  several atudies at 

laser powers similar to those in this work have already been made.     In 

particular, Stumpfel et al.   used a grazing-incidence monochromator to 

do time-dependent studies of radiation down to 35 A  from Mg plasmas 

generated by a 0. 5 C.W laser.    They found ioniza'.ion stages through Mg 

X and suggested that He  like Mg XI ions should exist in plasmas produced 

by few-joule.  ~ 20 nsec ii.ser pulses.    Recently,  Peacock    et al.     made a 

spectroscopic study of the satellite lines near the resonance lines of He- 

like Mg ions in plasmas produced using a Nd-laser at about 1 GW. 

Donaldson et al?  did a comprehensive study of lighter-atom plasmas 

which were generated with laser powers up to 2 GW. 

In this work,4 we investigated several characteristics of the plasma 

x-ray emission produced by focusing a 0. 5 GW (18 nsec FWHM) ruby laser 

beam (0.69 Mm) onto Mf -targets,  namely the x-ray yield as a function of 

the   'ens-target distance, the time histories and correlation between laser 

and x-ray signals,  the x-ray conversion efficiency,  x-ray pinhole photographs 

and tht x-ray spectrum in 7 A - 10 ?. region.   Non-uniformity of the laser 

power distribution is evidenced by post-shct microscopy of the targets. 

Comparisons of the present results with x-r,:y emission produced by  1 nsec 

Nd laser pultes (1,06 um) of similar energy are made. 

EXPERIMENTAL ARRANGEMENT 

The experimental arrangement is shown schematically in Fig.   I.    A 

Korad K2 ruby laser system consisting of a Q-switched oscillator produced 
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pulses with energies up to  10 J.    The beam divergence was 8 mrad. 

A beam '.plitter and an S-l  response photo-diode were ut,ed to monitor 

the laser pulse signal shape and the power.    The laser beam '3. 5 cm 

in diametor) was focused by a 5 cm diameter,  20 cm focal length lens, 

which was mounted on a micrometer translation stage outside of a 

vacuum window.    Flat Mg-targets,  polished with abras ive paper,  were 

placed at 4 5 degrees to the incident beam in a 3 X 10       torr vacuum.    A 

silicon p-i-n x-ray detector located at about 60 degrees tö the beam.and 

10 cm from the focus,   and covered with a light-tight 25 J.m beryllium 

window,  was used to monitor x-ray pulses.    Prior to emplacement of 

the spectrometer   shown in.; ig.   1,  an x-ray camera with a 25 um pinhole 
&**. 4-5" cic'juxo -to tki ra%*6t'Vtouiv4« 

2 cm from the focus vi^/ed the plasrtfa 90 degrees to theJbeaml„ It yielded 

2X magnificat ion.    The simple slitless x-ray spectrometer at 90 degrees to the 

läse • beam consisted of a flat rubid tttin acid phthalato  (RAP) crystal (2d 

spacing: 2f>. 121 A) with its center 4 cm from the plasma.    Kodak No-Screen 

x-ray film behind  12 ptm beryllium foil 6 cm from the crystal center 

recorded the spectrum. 

EXPERIMENTAL RESULTS 

In order to provide as much plasma x-radiation as possible,  the effect 

of la3er beam focusing on the x-ray yield was examined by varying the lens- 

target spacing.    The result is shown in Fig.  2 where the relative x-ray 

intensity as measured with the p-i-n detector is given as a function of lens 

d aj^acement near the focal point.    The measurements were taken by both 

incrcajing and decreasing the lens-ta-get distance.    L. doing the "through 

focus" -measurements,  we found the laser power r^nd x-ray intensity both 
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reproduc.ble fron, shot to shot to v.ithin ± 10%.    The curve obtained here 

has a single,   rou,^  symmetrical peak in constrast to ^^ ^S ^.^ 

^•uterium targets where the soft x-ray inten  Uy vs.  target posits for 

3 rsec.   10 GW pulse, was found to have two peaks.    As  can bt seen in 

Fig.   2.   the x-ray intensity is not Mghly sensitive to the  focusing within 

X 0. | mm of the optimum point.    However,  the x-ray s-.nal shows a rapid 

decrease to both sides of the peak.    The half-w.dth (~ , _ of the profUe 

I* considerably narrower than that e.-.-pected from the beam divergence of 

the pre.^t laser-lens system.    This apparent d.crepancy can be rat.on- 

ahzed if one _umes that most of the x-radiation detected orlginates from 

much smaller areas - hot spots - w.thin the focal region.     This assumption 

js consi.t.nt wUh the target damage which will be descried below.^,^ 

little x-ray emission was detected when there was no hot spot mark within 

a focal crater.    Another reason for ^ ^^ ^ ^ ^ ^ ^^ 

of a power density threshold which must be exceeded to produce measurable 

x-ray intensity. 

The p-i-n detector,   cables,   and Tektronix 7904 oscilloscope have a 

combined rise tune of about 2 nsec.    Hence.  the p.^ detector ^ 

approxunated the t.me history of the x-ray emission.    The x.ray ^ 

and the laser pulse as me£sured ^ ^ ^^.^  ^ ^ ^ ^    ^ 

The  FWHM of the x-ray emission U much narrower (~ 1 1 nsec) than ^ 

of the laser pulse.    This result is CO««U** with the absence of x-ray 

-. ntil iaser Hght ^^^h ain threshold as ^^ 

above.   ^Por lasers wlth 1 nsec pulses^greater than 1 GW6 an.  5 nsec.   4 GW 

pulses.     the x-ray pulse width is approximately equal to the laser pulse width. 

in contrast to 'M results shown in  Fig.   3.    The time correlation bet 
ween the 
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laser and x-ray signals was made by feeding a commo.i'high frequency 

sinusoidal signal to the Z-axis  (intensity) teirninal of two osrilloscopes. 

The two signals peaked simultaneously to within 3 nsec. 

The approximate x-ray conversion efficiency was obtained from the 

p-i-n signal using the detector sensitivity calculated from the manufacturer's 

specifications!    Assuming Isotropie emission into 47t,  the efficiency for 

conversion of the 6943 A laser light to x-ray line radiation near 9 '  (sec 

below) was 0.007%.    This x-ray conversion efficiency is much smaller 

than that obti in«}d with laser pulses of about 1 nsec where more than 1%     ' 

of the incident energy can be converted into x-rays with energies greater 
3 

than 1 keV.    The total energy in the radiation was 7 X 10    ergs compared 
7 a 

to  10    ergs of x-rays fronn a  1 nsec,   10 J  (10 GW) laser pulse. 

Nevertheless,  the x-ray intensity was enough to obtain x-ray photographs 

of the plasma through a 25 ;im pinhole with a single exposure on Kodak No- 

Screen film behinr' a 12 fim Be window.    An example is shown in Fip. 4. 

The time-integrated image consists of a more intense region which is 

elongated along the direction of the incident laser beam and the less intense, 

apparently morj tenuous,   radially-expanding plasma.    The elongated hot 

region probably results from interaction of the beam with the expanding 

plasma during the relatively long pulsre.    Pinhole y-ray pictures from plasmas 

produced by short (< 1 nsec) laser pulses     '       are more symmetrical. 

The x-ray spectrum from the Mg-plasmas was obtained in order to know 

what lonization stages can be achieved with such a low power laser.     Fig.   5 

(top) shows a microdensitometer scan of an x-ray spectrum obtained in a 

25 shot exposure.    The ions and transitions labeled in the figure were 

identified using tabulated wavelengths for Mg-ion radiation. Three 
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tranbitionü  (np - Is,  n = 2,   3,   and 4) in two ionization states.   He-like 

Ktg XI and Li-like Mg X,   make up most of the spectrum.     Free-to-bound 

Mg XI recombination radiation appears at the short-wavelength end of 

the spectrum.    One of the weak pc..' s to tne short wavelength side of 

the Mg XI Is   -IsZp line is ascribed to a transition in doubly-excited 
2 

Mg XI.    The weak lines on the longer wavelength side of Mg X  Is   2.1 
a 

- IsZXZp lines,  maybe from Zn    which V/»i found by optical jpectrog raphic 

analysis to be present in the target mateiial at the 0.2% level.    Relativelv 

strong Zn-La emission from a low-level contamination of a Henke tube 

13 
system was also reported previously. The spectrum produced by the 

ruby laser is compared with the Mg-spectrum obtained from a MgO 

target with a 0.9 nsec,  2.2 GW glass laser (shown in lower part of Fig.   fj). 

Rather broader lines in the former spectrum are due to the multiple ex- 

posure { luring which plasma position might have changed from shot to shot) 

and al-o due to the large plasma size produced by the present laser.    The 

H   like Mg Lyman a line,   one of the prominent features in the  spectrum 

or^duced by the higher-power Nd laser,   is absent in the spectrum obtained 

with the  18 nsec,   0. ö GW laser. 

The approximate peak tenperaturd of the Mg plasma might have been detemined 

from the ratio of the 1s-2p lines from H- and He-like ions by use of a coronal 

model.        However,   the absence of  the  lyman or line only allow? an upper limit of 

300 eV to be set on the effective plasma teiperature.    The spectrum in figure 5 

(top) shows that, the average ionization stage is between 9 and 10,    According to 

a coronal Biv-d«!1',  this :mplia3 an Plactron temperatn'i near 80 eV.     In a separate 

stu'v'     of the deptndcice of x-ray emission jn the atomic njmbor of  the target, 

which was done with the saie lassr used fo.   this work,  temperatures of about 70 

e f urre found.    These can  je compared with temperatures near 7,>0 aV which are 

produced oy focusing 0.9 nse'j, 7 J pulses (~2 x 10 ^ W/cm  ) or, Al. 
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It if   generally difficult to measure the exact size of the focal spot 

wMch is needed for the determination of the average laser power density 

at the target.     Furthermore,  the laser intensity is usually not uniform 

over beam diameter.    The focus may contain hot spots     h;ch are the pre- 

dominant x-ray sources,  as mentioned earlier.    In order to examine this 

possibility,  the target craters produced by a single shot were observed 

with a scanning electron microscope. Fig.   6 is a typical crater which 

shows the effects of nonuniTorm power density within a focal spot,  i.e., 

relatively deep areas due to highe r-than-ave rage power density within 

the larger crater.    The diameter of the overall crater is about 1. 5 mm 

whereas the hot spot measures about 150 to 200 |im.    The focal pattern 

is believed to be caused by the extremely r.onuniform laser beam as wit- 

nessed by burn patterns of annular   or horse-shoe shapes.    Since the beam 

energy is   iivided into the larger crater and the hot spots,  an upper limit of 
12 2 

the beam power densit> at the hot spot is estimated to be roughly 10      watt/cm  . 

DISCUSSION AND SUMMARY 

Some characteristics of the Mg-plasma x-ray emission produced by focusing 

an 18 nsec,  0. 5 GW ruby laser beam onto  magnesium slab targets ha- e baen 

described.    The unexpectedly strong depar.dence oCthe x-ray smission on the 

lens-target distance is believed to be due to most x-radiation originating at 

hot spots.    Results of the focal hot spots are actually observed in photographs 

taken with a scanr.ing electron microscope ,    Determination   >f the pcwer density 

of the laser beam therefore requires care since the power concentration at 

the hot f.pots is higher than the rest of the crater area. 
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The  rather low fi^zsi^tn-ttwnfv^icco. eiiiciency obtained in thiu experimei.»-. 
A 

'A 

ij thought to be caused by the following:    (a) the existence of - threshold 

laser energy below which no significant x-radiation is emitted,   i.e. ,  the 

x-ray pulse width is much narrower than the Ta^er pulse width (see  Fig.  3), 

(b) some friction of the beam energy is lost in the  focal spot other than the 

hot so.its,   and (c) the electron tempe rature is not .'igh enough to give in- 

tense x-rays such as the series of line radiation and the continuum associated 

with the H-like Mg XII -ons.    The x-ray time history,  the pinhole x-ray 

photographs,   the target damage,   and the spectrum are all consistent with 

this picture. 

The electron temperature of the Mg-plasma is estimated in this work 

to be l<4^>-tiiAiv-3^0. ev4    The lower temperature obtained with the present 

'aser compared to that of 1 nsec Nd-laser of comparable energy can be 

understood at least qualitati 'ely irum a power law relationship    between 

the temperature and the laser beam power density. 

Regardless of the lower x-ray conve rsior. efficiency compared to 

sophisticated,  expensive and hard-to-maintain lasers of 10 to 100 GW,   the 

present results indicate that a small,   low power laser (S  0.5 GW) produces 

plasmas which emit enough soft x-rays to be useful as laboratory light source 

fcr spectroscopy,   for calibration of x-ray detectors and for radiography of 

Ml hig'i speed phenomena. " 
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FIGURE CAPTIONS 

la    Schematic diagram of exper in-ier-tal a rrangement. 

2. X-ray signal measured with p-i-n datector vs.   lens displacement. 

3. Time histories and correlation between laser and x-ray pulses. 

The peak alignmeni, is uncertain to T  1. 5 nsec. 

4. Densitometer scan of x-ray phot-graph taken with 2S ^m pinhole, 

showing density contours. Outer contour extends 1 mm from the 

target surface which is indicated by the dashed line. 

5. Mg spectrum taken with 0. 5 GW ruby laser in 25 shots cor. a,red 

with spectrum produced by a single 2.2 GW shot of a Nd:gi^3s laser. 

6. Scanning electron micrographs of the Mg target.    Top:   Overall 

oblique view of the focal area sho.ving two deep craters due to hot 

spots.    Center:    View {'.own into the larger of the two craters which 

is approximately 175 fim in diameter.    Bottom:   Enlargement of the 

region between the two craters. 
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ABSTRACT 

Ve outline a theory of the nonlinear susceptibility of Cs at 

1.06 !, and present UIü first naasurer.ert of the negative nonlinear 

refractive index na respor.=.lble for the self defocuslng that is 

observed.  For linearly polarized light, the theoretical value of 

n„ 1S -1.93 X 10  N, in good agreement vith our measured value 

of -(1.4 + .2) X 10' fi. The main portion comes from a two-photon 

resonance betueen the 63 and 7s levels.  An additional negative term 

arises from induced population changes between 68 and 6p.  By comparinf, 

the measured val-.s of n2 for linearly and circularly polarized light, 

-30 
ve obtained the two photon contribution n  = - (1.2 + 0.2) X 10  N, 

-30. 
in good ngreement with the theoretical value of - 1.55 X 10• N.  In our 

experiments, where the (35 psec) pulses are shorter than the 6s-6p 

inverse linewidth, the nonlinear susceptibility depends primarily on 

the instantaneous intensity; however, with longer iul es, one obtains 

additional contributions proportional to tine integrals over the 

intensity.  Since the useful output power from large Nd laser 

systems is limited by self focusing dui to the laser glass, our 

results suggest the possibility of increasing this power by using 

Cs vapor for compensation. 

■ 
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1-3 

I.  IMROOUCTION 

In recent years, a nixnber of authors have observed self-focusing, 

sfelf-defocusinä, and other nonlinear dispersive effects ' due to the electr^- 

noMinear susceptibility in atomic vapors. These effects have been attrlbuiied 

to intensity dependent population changes associated with single-photon 

resonances in a two-level system. Recently, we reported the observation of 

7 
self-defocuslng of nod« locked pulses at 1.06^1 in cesium vapor, and attribi'iac 

It Drimarlly to a two-photon resonance between the 6s and 7s levels.  Since C*M 

useful output power from large Nd laser systems is ordinarily limited by 

self focusing in the laser glass, observation of self defocusing at 1.06;i 

raises the possibility of increasing this power by using Cs vapor for 

compensation. 

In this paper, we outline a complete theory of the nonlinear dispersion, 

an: present the first measurement of the negative nonlinear refractive Inde". 

n;  responsible for the self-defocuslng. We show that, in general, the 

NL 
nor.linear change in refractive Index 6n  (t) can be expressed as the sum of an 

instantaneous intensity dependent contribution, plus terms involving time- 

integrated Intensities.  For linearly polarized light at 1.06^, the 

Instantaneous portion arises primarily from the two photon resonance, while 

the Integral terms arise entirely  from redistribution of population in the fir 

excited state. Under the conditions in our experiment, the instantaneous 

tera Is predominant, and the measurements are in good quantitative agreement 

Witt) the two photon resonance interpretation. 

A50 

, ■■-- ^  —■— ■'■*■■*—'«— -*'•■-*' —- 
_..^...*Ak.^.^^^.—..... aa.,..^ 



■apppwwmMMBw .lyiuwijiwii n 

II.     7HE0KY 

Tnc  lowest order nonlinear refractive properties of an isotropic 

nedlur. can be found  from thu polarization 

(3) (3) U> - •  J    uu3  P^^   (t) (1) 

induceJ  by  the optical field 

E.(t)  = liim,t)   e"iUt    +^(-(o.t) +iut (2) 

Hdre, I Is the atomic density, u.   = e z.  are the atomic dipole matrix 

elecaants between states |a> and l3> , p  ' (t) are the corresponding third 

order density matrix elements, and ^(u.t) ■ U'C-u^) * is the slowly varying 

opMcal field amplitude.  The density matrix elements are obtained by 

solving the Boltzmann equations 

p(n)(t) ~iM [vp(n)(t)l - d/f.) fccO^M<rt] + jp(n)(t)[R. 

for n = 1, 2, 3, subject to the condition p^ - 1.  Here, 
00 

»0=?*%) |a><aI' V(t) - - E E(t) ViJaXel,  (4) 

(3) 

|0> is the ground state,  te 0 Is the energy difference €.a -   e0 between 

US «tld l0>, and <P   (t)>D describes the atomic relaxation.  If we write 

m      *        i ™ r(3)     1 
>*! (t) in terms of its slovly varying amplitudes 0^(10,t) =  l0ga(~

a)'tJr' 

p(3
3)(t) ■ I o^3) (u,t) e^ + I o^V^t) e+ ** +  3rd harmonic terms,  (5) 
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th.-.i   tho  nonllnisat  eootrlbutioa  to   the   refractive   Ind^:-:  Is 

I.M-CtJ -H«E( .ß(x o^(..o/^.t) (ft) 

TIi.' uuTiber of matrix elenMtl c.ontrlbiiLinf, to the solution of eqiMtiAM 

(3) can be reiluced by  nuralnillt the lower lyins enor^y levels of Cs, chown 

in riß. 1.  Around 1.06 \i.  in  (t) is deter-iiaed alnost entirely by the 

|6s> :-J0>, |6p> I |l> ami |7s> ?|2> levels,  'ibis is due partly to the nearby 

onfi and two photon resonances with 6p and 7s, respectively, (i.e., u  - u, 

|u_. - 2u| << o) and partly to the lar^e 6s - 6p and 6p - 7s oscillator 

■treagthSa  To a good approximation, therefore, one can ignore all other 

NL 
levels and all nonresonant contributions to fin  (t).  Ue also make the 

following additional s iinplif ic&tions: (i) the l.S splitting of the 6p level 

is ignored; (ii) all longitudinal relaxation processes,  except for collision- 

indi'.ced transitions among the 6p sublevels arc neglected; and (iii) the atomic 

and laser linewfdths are neglected in comparison to the detuning frequencies 

c  - ii and lw9n - 2u)|.  Asmimption (i) is reasonable around 1.064 \i,  where 

(u  - (j)/2irc ■ 2149 cm  and the L-S splitting is only 5AA cm '.  Assumption (ii) 

reqiires that either the pressure broadening be large in comparison to the 

radiative linewidth for the 6p levels, or the optical pulsewidth t  be short 

in comparison to the radiative lifetime of 6p.  Assumption (iii) la valid 

-13 19  -3 
for- t  > .10   sec and atomic densities N < 10  cm p - 

The solution of Kq«, (3), (5) and (6) for linearly polarized light, 

which is outlined in the appendix, yields the ror.ult 
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NI 2 
6.,    (D - n2<i; ft»- ri0 Ill0   /  <;::'(t')> if 

♦1   /l--(3/2)r'(tt')<1:?(c')>dt 

■» rriO^O + «12^    /•"0/2)r'(t-0if/<^(t'-)> ")>dt",       (7) 

vhcro  < >   denotes an avt-rag« over an opticnl  cyclo  [i.g., <E2(t)> ■   V|(?(IJ,t) |2] , 

ri0 is  UM dftphasing rat« of  the I« - 6p  transition,  and V is the colllslonal 

nixing ratL-  of   the  |p suhleve].'..     The reinalnlr.H parameters are given by 

cxprer.slonr-.   (A12)   -   (AU).     At   1.06 p,  where  r.onraso.iant contributions are 

snail,   these are well approxlnated by 

"2 "  n20 ■ n10 (8) 

V--  (I10-!sr'>   <"10 + 1\12) 

v.hero 

"JO 

I.  N  **    pj2 

20 '   *3   , ^2/ »     (u.10 -to)   (a.^ 

Ill p 

(9) 

Ml 

2.J) 

•>-  v     2       2 
2-   N ^01 ^12 

(10a) 

12       .3, ■n   (y 
10 w)   (u - u21) 

(10 b.   c) 

Expression   (8),  or Its more general version   (A12).  has been derived by 

other authors   for  quasi  CM condlt ions,(8) or  for   the-     special  case where  the 

atomic relaxation arises entirely  fm.T, radiative  proccsses(9) (i.e.,  whore 

r ■  0 and  ri0  is half  the  radiative damping rate  of   6p) .     Under  these conditions 
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tk«lBt«sr«l   tcras  do  not  appear/    ''   at   least   fj»-  prore.-.scs  up  to  thir.l 

ord.-r.      In  the  collision  dominated  regina,   where   r.-  li   large  in conparison 

to radiative damping  rates,   the integral  terns MM,     In  gMMMt,  be retained. 

For  circular polarization, 

lut l(t) - h r.ffcM)« iUL +lir+   «fC-u,  t) iut 
(11) 

UMN r± -  2"   (x + i y).     Solution of Eqs.   (3).   (5)  and   (6)  again gives 

Eq.   '7),   but expressions   (8)  and   (9)  are  replaced by 

"2 = " ni0 

Cm - V) n,n -  CW f'n 10 10 '12 

(12) 

(13) 

rre n20 terra does nor contribute in thli case because the corresponding 

virtual transition 6s -> 6p -♦ 7s requires a zero net angular momentum transfer 

from the light to the atom, whereas two photons of circularly polarized 

light must transfer AJ = + 2.  ^ 

Numerical values of n^, n^, and n^ can be calculated using the 6s - 

6p oscillator strength measured by Korff and Breit,^12^ and the 6p - 7s 

oscillator strength calculated by Stone.(13)  The matrix elements are (In 

atonic units) p  ■ 3.05 and u = 2.44, and the results are n„ - i.MH, MM cne results are n20 ■ -1.55 x 10~30K, 
-30 

in 
-30. 

0.29 x 10  N, and n^ • 0.16 x 10"JUM esu for A = 1.064 p. 

UM naln term of inte -est here is the two photon contribution n  , 

which arises primarily from the second order polarization p^(t).^1^ 

At 1.06 u, terms such as n20 are positive in most substances, and are generally 
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accepted  M btMnc   mpOttaibl«  for  the  self   fofusLug obsf>rvt'.l   in materials 

suti! as  lar.er gla^s. 0
r>) 

In Cs vapor at  1.06'(  u,  hmUftttt   "20 is  liir^a and 

negntive due  to  the  stroiiK  resonant onhancm-nt by  ttu-,  two-photon d. lonlnator 

-1 
('.L)20 -  2(i))/2iic ■ -260 cm     . 

The n  and n  terns arise frora pulse-induced population of 6p, which 

is weakly enhanced by the nearby single photon 6s-6p resonance  ('■i n - U)/2.TC ■ 21A9 WTH 

As Kq. (/)  indicaL'S, this can result In both instantaneous and time-integrated 

Nl. 
contributiouü to5n  (t).  The instantaneous portion is due to coherent population 

chMIM and can be obtained frora the adiabatic following inod.il proposed by 

Crischkousky.    The integral terms are due to Incoherent population changes, 

and can be significant if the pulse duration t  is comparable to T 
P 10 

If <- «  ri0  . I"  . the Integral terns will be negligible, and Lq. (/) 

reduces to 

6nNL(t) - n2 <E
2(t)> (1A) 

One can therefore measure n20 by measuring n2 for linear and circular polarization, 

and usins Eqs. (8) and (12); i.e.. 

'20 n9(linear)  - n,(circular) , (15) 

III.  E^ERIMENT 

In order to measure n«, we studied the self-defoousing of mode locked 

MlYAC pulses in a 100 cm long cesium vapor cell at several densities between 

N ■ 0.03 I 10  cm  and 0.32 x 10  cm ' .  The density was controlled by 

adjusting the temperature of a cesium reservoir (260 - 305OC), while the 

DP in cell was held at A60 C iu order to minimize linear abr.orptlon from Cs 

diners.  The Input radiation consisted of single pulses of FKHM Intensity 
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dttV«tloa tf  ■ 35 psec (.Utrrnin.-d by m.-asurcr-.-.s with a 5 pr, .c resolution 

»tteak camera) vith peak on-axis intensiti« around t CW/cm2.  Xho input l-ean,, 

vhjch was IMU eoUiMted (.aJiu3 of curvar.r-3 ^ . 20 „). had tho form of an 

Airy profilo truncated at tho first mlnlnun. 

The bte« ener,.y enter Inr, the cell was -asursd with a calorimeter and 

WM monitored with a calibrated photodiode. It,  l/e intensity radius was 

.■•.0 ■ 0.53 mm.  Simultaneous e:^rRy measureP.-nts at the output end of the cell 

.hoved that Insertion loss due to the Cs Ml  < 3Z for nil of the data that 

HM used in determininR ,£.  Tl,e c^.y  profile at the output end was recordf J 

by imaging the exit window onto a silicon photcdloda array of 25 V  resolution. 

Figure 2a shows typical oscilloscope traces of ches. output profiles for the 

case | ■ .32 x lO17 era"3. 

At low intensities, the beam profile vas identical to that obtained 

•.•Ith linear propagation in an empty cell. At intermediate intensities, the 

bean-, size increased, but its smooth characteristic sh.pe was retained. At 

the highest intensities used, further increase in beam si2e was observed, 

accompanied by beam distortion and the appearance of ring structure near the 

axis.  This behavior is similar to that observed in the self defocusing 

experiments of Grischkowsky and Armstrong.(4)  All of the data that was used 

in determining r^ was taken at the internedlate intensities where there was 

no beam distortion. 

in analysing the data, the output profile of the bean, was calculated 

fron a solution of the wave equation in the paraxial r.i ay approximation (16) 

Using Equation (14). along with a constant shape assumption, and approximating 

the shape of the input beam u-ith a Gaussian distribution, we obtain for the 

intensity profile at the end of the cell 
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Kr.t) - [i'(tV7:a2(r)]   „, r-r2/a2(t)l .        (16) 

I 

Here 1'(L) IS the input b.-a,,, power and a(t) Is a tim* dependent radius given byü6) 

-1 a
2(t)  -  a  2)(1 + ./I )2  + 

o [- p(t)/p (A2/2iia •■■1 (17) 

where ■   is  the lonsth of  ** Cs cell,  ^ and  ^ are  the  input  radius and beam 

curvature,  respectively,   and Pc -   A
2

C/32IT
2

H2  <  0.     The energy profile was 

then obtained by nuraerlcally integrating expreäsion  (16)  over  the pulse 

duration.     For each data point,  measured values of a   ,   K    and r(t) were used 

and  the value of n2 was  chosen to give  the best  theorei-l al  fit to the 

measured energy distribution at  the half-naxinua points.     This procedure is 

justified by  the good overall agreement betveen the calculated and experimental 

profiles,  as  illustratcj  by  the examples shown in Fig.   2b. 

IV.     RESULTS 

The results of our raeasureraen   ; for  linearly and circularly polarized 

light are  show as a function of density  in  Fi,,.   3. and  are compared with the 

theory  in Table  1.     Tine   first column of Table  1 gives  the experimental value 

of n2/N obtained using  Eq.   (IA),  as described  above.     Column B  gives an 

adjusted experimental value which approximately accounts  for   the effects of 

the integral  terms in Eq.    (7),  as will be discussed later.     Column C gives  the 

theoretical values for  n^V, obtained from Eqs.   (8)  and   (12)  using the calculated 

values of  n20 and n^.     The values shown in Column D are  .--.Iculated from the 

exact    expressions   (A12  and A17).    The good  agreement  between columns C and 

D justifies our  earlier neglect of such terns.     Finally,   the  last column 

gives  the value  of  n2/x obtained from the  susceptibility  calculations of 

Miles and  Harris. 
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vho »gr—want battmea out tl -ory mi the nutimaumtm ritowM in eul«M   A 

.,i,)-n-.s |ult« adcqtMtO, espvclally since iL  co:;p ins nn .-.b-i ni Lio cilculalion 

v;ith an abrsolute mBasurG»«nr.; however, tho tact tint |n  (■••Sttrad)] 

< In-, (theory) j  for linear polarization, whereas [n2 (measur- d) | > |ri (theory)! 

for circular polarization requires further comment.  The discrepancy appears 

to stem frora the intcKral Urnus of Eq. (7).  In analyzing tho data, \m  have 

effectively treated the integral terms as instantaneous,, and lunped them into 

an effective contribution to the measured value of n .  One can estimate the 

relative importance of these integral terms by averaging their contribution 

to on  (t) over the incident intensity, and comparing thin to a similar 

/erage for the n2 <E (t)> contribution; i.e., we consider tho quanti 

Q ' -[f6^^0 "" n2<F2(t)>l<E2(t)>(lt/ / n2<K
2(t)> 

ty 

dt,   (18) 

usin;; Eq. (7).  The corrected values of n,, (measured) would then be approximately 

(1 + Q^  times the numbers shown in column A of Table 1.  Fur N ■ 0.32 x 1017cm ^ 

the transverse relaxation time is r" ■ 80 psec.(18)  Assuning that I" = r  ,(l9) 

we then obtain Q(linear) ■ 0.09 and Q(circular) ■ 0.5.  The integral terms 

therefore contribute little in the case of linear polarization, but they result 

in a significant correction for circular polarization because |n |  is relatively 

small.  The corrected values of n2, which are given in colurm B of TjtUe 1, 

are approxiMtely 20 - 25% smaller than the theoretical values.  It. is possible 

that a systematic error of this magnitude could arise frora inaccuracy in the 

measurement of the atomic density or the pulse energy. 

The experimental value of the two-photon term n20 can be found immediately 

fro.^i Eq.(15). From either column A or B of Table 1, we obtain n.  - (1.2 + .2) x 

10   N esu, in good agreement with our calculated value of -1.55 x 10_30 N. 

The fact that this results independent of the integral terms is not surprising, 

A58 

-  — ^Myl^MaiijM^illi^;Mttiilfajiaiü^ ji^ Ml) d^^^n 



m*nmmm*mmmm vmmmm —«^^-^- 

s.^nco most of the integral contribution cancels in the expression n2(llr>ear) - 

n-(circular) . 
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APPENDn 

To obtain the solution of Eqa  (3),  we  use the hanr.onic  expansions 

of PS (*)i ™ in M« (5); i-' ■ > 

..%.««..«.••«♦».s> <«..>««« 
+ third harmonic terms. 

Z3^ Jo3 

(Ala) 

V> -S^».*) + ^ff^T)  ^^ ♦ * ^3)(-2j^)e2itüC.     (AIM 

iu)t 

where cv and B refer  to states   |0>,   |l>or  l2>, and the amplitudes 

G^
11

   (n'w.t)  »loi* (•«'•.t) will vary  in times on the  order of    he pu^-: 
cv" L   Bo ) 

width t   .     Substituting Eqs   (Al)   into  (3)   [and dropping  the  time   I .b :1 for 
P 

brevity 1,  one obtains 

op OP 

(Ale) 

(A 2a) 

^?
2)(0)+(iU,a3 

+ r«B)aaP
2)   (Ü) 

= ^ i   £V   s^^-w) + !!#(•«)  sc^(av + 6Q3     £ V;
S,
O

YY
)(0)

' (A2b) 

cT(a
2)(2w) +   [iCo a  -  ?JJ) + P .1 a.(r)(2i))  = l^C»)   »ü5   (a'), (A2c) 

C,3 OS UP ■■ OP 

d<J>« ♦ [Kü^ - N) ♦ r^l »5>« = (i/h) (Pm '<03 (6e0-6O0).   (A2d) 
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where 

^(«'•J  -  (1/2 h) E [fW .«   (n' »)   - .W(«'  UO   ^ ]. (A3) 

r       = f       is  the relaxation  rate of p  „(t),  and W    describes  collisional mixing 
■ QI        SO v? Y 

of states such as the 6? sublevels.  It is evident frocn these equations that 

the nonresonant contributions could be elinlnated at the outset simply by dropping 

nil terns except a ^ (..). o (f (u.) . 0^(0), 0g>(»). and o ^ (c) .  In this 

treatment, however, we «ill retain the nonresonant terms and present the complete 

expressions for the coefficients of 6n(t) in order to assess the accuracy of 

Expression (10). 
(2) 

For all cases except  the zero frequency diagonal terms, o^   (0), Eqs.   (A2) 

have  the general  form 

(t) + (I n + D c(t) = R(t)  ,  N»!-, (A4) 

.20 
with the formal solution for a(-co) ■ R (-^ - 0 . 

r*   ,   -(in + r)(t-t') --„#, 
a(t)  =    j dt    e R(t  J 

CD / \ltH-l d^d) (A5) 
dt 

rofl 
For example, (A2d) yields  the result 

n. ^     r -1        ! 5* £>,t) f4A, 
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Since P represents ui   UJ, 0 1 ±w,  or ». + 2JJ, and |(l/lO dR/dtj will be 

on the order of the laser llnewidth, postulate (lii) of Sec. 11 leads to 

the condition |(l/U) du/dt| « jn). Therefore, only the lowest order terms of 

Eq. (A5) must be kept, and in most cases, only the zero order term will be 

needed. According to postulate (iti) this can be rurthär simplified by 

dropping F in comparison to i Cl. The resulting expressions 

OP 

(2) 
fit 

2£(w.t)  S
v:7   (0,t) +   ii-^.t)  s^  ',(2iJ.t) 5(2), 

a3 

U)  „   - UJ aß 
(A 7a) 

'«l^0^ 

a£\2*.t) 

^(lü,t)sf3)(-UJ,t) +   Si-u.t)  s^Ciu.t) 
cyS »a 

2 w »ß 
,     K?/0), 

ip,t) ^?f»»«) 

(A 7b) 

(A 7c) 

(U bp 2JU 

are identical to the usual cw solutions. 

The solution of the zero frequency diagonal equations ö  (0,t) requires some- 

what greater care.  Following the postulates of Sec. II, we consider only the 

ground state |o) ■ 16s) and the magnetic sublevels of 6p, which are denoted 

by |6p .) = U) , |6p ) H |b) and |6p > ■ |c) .  For linearly polarized light, 

the state labelled |l) corresponds to |b), which is the only sublevel radiatively 

coupled to lo). Equations (A2b) and A3) then lead to the results 

A63 

* 

- --- 
«Äi*tiÄ, 

•-J-^-^—'-•— - - " 



HHHP^-*" jiiL«    mum m«m\« 

K— ci/*^**) [o^ (-> -.^(-x)] c.c., (A 8a) 

Nb  -    r'   (I Na   ^ Nc  -   Nb)   -   r.o   . (A8b) 

/ 9\ 

vjhere N    ::a    "   (0), and P    is  the  collisior.a]  nlxtllt nit« of the 6ii sublevels. 
a        not 

The   tctmis  N    H   N    can be  elinlnated   fron   (A8b)   by  usinq  the  Identity 

H    + N,   +  N    + N    =0,  v,hich   follows   fron-,  the assu-r>ptlon  that no  other  levels  are a b c o 

occupied  to  second  order.     Then 

N.  ■ - I r' N,  - % r' 0 - N • 
b    2    b        o   o (A 9) 

The right hand side of (ABal can be evaluated by substituting the expansion 

(A6) for o (-at) and o (-UJ) • The fomal solution represented by equation (A6) 

comtitutes an expansion in time derivatives of the optical field, as has been 

to 
pointed  out by Crisp.    According to postulate   (iiO,   the zero order  term of 

(A6)   is always much larger  than  the  remaining terms;  and  thus  the solutions 

(A7a-c)  give  result:    to order zero  in  the tins derivative expansion.     When te.ns 

involve  the  diagonal matrix elements at zero frequency,  however,   cancellations 

occur  in combining the contributions with their complex conjugates,   leaving 

integral  expressions  that are of  lower order  in  the  tine derivative expansion. 

Consequently,   in evaluating such quantities,   the  first order terra  in   (A6)  must 

be  kept  to  insure retention of all  tertns  of order zero in  the  time derivative 

expansion.     Equation   (A8a)   then becoiner; 

[arl0 l£(.io(2 + d |5(i)|2/dt]   , (Aio) ^oi (UJio + a' ^ 
2     ? 2  2 
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■I 

10 
where v/e have again n^glccteJ P       In  comparison to •s— + ■ 

The  solutioias of   (A9) and   (A 10)  are  then 

(2) aOÜ-   (O.t)  - N0(t)  m 

2/2 2V 

j^i (UJio • J- > 
2     2 2   2 aVJ0 - -2)2 

x     1^. x     |^.t)|a* 2rin   J   l^.t')|2dt 
10 ■■] (Alia) 

[l^.t)|2+(2r10-r')/c-^2)^<t-t')l^.t')|
2 

dt' 

(A lib) 

Combining Eqs   (6),   (All),   (A7)  and  the  zero order term of   (A6) ,  one obtains 

Eq.   (7)  after some rather  tedious algebia.     The complete  coefficients are 

1 1 M M2) >.22 

4u.i 
10 
2 2 2 

U)    (a'      - w ) 

(a:io " '"^^^o ' 2x)        (UJio + "^ ^M + 2UJ) 

4.N  ^   (3^ ♦ x2) «^ 
.3   ,223 
h   («i10 - > ) 

^ic-^'X^io^'iP' 

.. ***    'oi Ko + »»K 
2.3 10 h3<..4-»-, 

fc« j, -i;  ("iQ ♦ '»2> "2, 
l12 3    2 2  2    2 2 h>10 - O'C»*  - OJ^) 

At   1*06)1,  where cu      - uu, yj - u)      and U)       -  2i are small   in  comparison  to 

(A 12) 

(A 13) 

(A14) 
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-'..5 '       '  ■" * ^21 and    ^Ü'  cxPresslons   (Al^)  and   (A14)  are well approximated 

by  Ics   (8) and  (10), 

In  the case of a  circularly polarized  field   [Eq.   (11)J,  one  can derive  the 

r.or.linecr  refractive properties  from arguments similar to those given above  if 

In.   .'6)   is  replaced by 

6nNL(t) = 2rt N § w- o^
)(a.r)/(?(uJ,t)  . 

>3 ^y"o3 

ar.d rhe interaction portion of (4) is replaced by 

(A15) 

- c. c. (A 16) 

>-h vhers ^ =2  (ex + iey)^.  For Y  - 0 or 2, the only nonvanishing matrix 

elerants are u  ■ UCm)*  and ML. = (M, )*. and these have the absolute values 
ay ysi yc       Cy 

I...... =  vc1 = Mvl = ^Iv"  These considerations again lead to Eq. (7), with 

the coefficients 

"2      
2n N 4 (3 ■» ♦ 5 u,2) u;10 

h3 ^ - .v 

2« N a^ ^2 
2            ? 

^10 + ■ ^10 "ii + ^ 
+      2        2 

Ko+7uj2))u,io 

h3 a'20(UJ10 " ^2) 

rN 4 Irio (^10 + 

2           2 
.^10 - " 

i2x2) - r' 

h    (x10 - u. V 

(A 17) 
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"lilA*   ^So-'^Ko-   U,2)t,J2]   "   (4r 
10 

3r') 2.J  wl0] (Ali) 
3       2 2  2     2 2 

h     (^10 - UJ )   (w    - u/21) 

and  expressions   (Al't)'     in  t'»6 nenr-resonant approKHnaliuii,   these results 

reduce  to Eqs   (12),   (13),  and   (10). 
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FICüRK J 

PICrjRK 2 

FIGURE 3 

FIGURE CATIONS 

Eiiccj'.y Icv.-.l diagraa oT Cs, »himiixg  thj three ]evc-ls |6s^ • |o>, 

|6p^ - \iy  and |7.sN B |2)> primarily rosponsiljle for self defocusi.ns 

at 1.064 ii.  Th.! dottod Hues show tii& position of tl a laspr 

fuiulaneuUal at 1.06A \i  fnd its t-.vo-photon leväl at .532 ii. 

Spatial profiles of the pulse at the e::if window of the Cs cell. 

a. Oscilloscope traces of pliotodioc^ array measucement at low. 

Intermediate, and high intensity. 

b. Comparison between theoretical profiles (solid lines) and 

measured profiles (dotted lines) at intermediate pulse energies. 

Effoctlvt nonlinear refractive index n- vs. atomic density N for 

linearly and circularly polarized light at 1.064 w. 
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TAIIM- 1 

3 x 1o'!0 CMU) 

KXPKRIIIENTAI, 

(A)                                      W 

THEORT.TICAI. 

(C)                    (D) 

MIIT.S I. IIARUIS 

CO 

t -1.5 + 0.02 -1,4 + 0.2 -1.84 -1.93                          -0.66 

c -0.35 + 0.0» -0.23 ♦ 0.03 ■ 0.29 -0.28 

(A)  Lx perl mental values obtained from analysis of data that IgOOVM the it.tcgral 

terms of Equation (7). 

(R)  BxpttTiaWfltal values including an adjustment to approximately account for the 

integral terms. 

(C) Theoretical cnlculation using resonant approximation ['fiqs. (8), (10) and (12)J, 

(D) Theoretical calculation Including antircsonnnt terms, [iqs. (A12) and (A17)]. 

(E) Theoretical calculation of P.ef. 17. 
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MEASURED   BEAM   PROFILE 
AT  OUTPUT   WINDOW   OF  CELL 

Figure 2a 
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ABSTKACT 

The response of a two-level atom to a smoothly varying near- 

resonant driving rulse can be described by the usual adiabatic following 

approximation if the conditions T^1. T^1 « t"1 « n(t)/2ff are 

satisfied throughout the pulse.  Here, 0(t) = [A2(t) + p2 £2(t)/h2]h 

is the atomic precession frequency, 4(t) the detuning, ^(t) the field 

envelope, tp the effective pulsewidth, and T^ 72  the atomic level 

and phase relaxation tinges.  From Bloch's equations, we have developed 

a generalized version of this approximation applicable to caS>s where 

T1 and T2 can be comparable to or less than t   it allows the conditic , 
-1   -1    -1 

Tl  ' T2  ** t
p    t0 be replaced by the weaker requirement 

»t*. T2"1 P2 ^2(t)/h2 n2(t) « n(t).  If ri »  tp, the atomic Bloch 

vector remains aligned nearly parallel to the effective driving 

field (£(t), 0, bA(t)/p) in the rotating reference frame (as i„ 

the pure adiabatic following case); however, it decays in length if 

T2 is comparable to tp. The approximation bridges the gap between 

pure adiabatic following behavior for t"1 » T "^ T ^ and rate 

eq-.ation behavior for t"1 « T^1 - n(t), thereby allowing a more 

complete description of phenomena such as adiabatic inversion and 

resonantly enhanced self focusing and defocusing. 

' 
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I.   TNTRODUCTiON 

In recent years, there has been a considerable interest in phonomen-» 

arising from the nonlinear interaction between short light pulses and uear- 

1-11 
rcr.onant two level atoms. Such phenomena include resonantly ciihanced 

sei) focusing and defocusing,   spectral broadening due to self phase nodulati^n, 

optical shock formation, and atomic population inversion due to adiabatic 

or nearly adiabatic  rapid passage.  Under suitable conditions many near- 

resonant effects can be described quite simply wltliir. the framework of the 

vector model of the -■'.tom by applying the adiabatic following fAF) approx- 

1 2 12 13 
imation '   '     '       to  the Bloch equations.  In this approximation, the atomic 

Bloch vector rcnains aligned nearly paral.el to an effective driving field 

that is the vector sum of the optical field E(t) and a fictitious field 

proportional to the detuning A. The conditions required for its validity ate 

(i") the effective driving field must change direction slowly in comparison to 

the precession rate of the Bloch vector, and (11) the atomic population and 

nhise relaxation times T , T„ must be long in comnarlson to the pulsewidth 

t . 
P 

13 
Crisp  has shown that the near-resonant behavior of a two level atom can 

be expressed in terms of a series in inverse powers of A, The adiabatic 

following approximation is then equivalent to retaining only the first two 

terms of this series.  In his actual derivation of the AF approximation, Crlsy. 

neglected atomic relaxation entirely.  He also assumed that |Al remains lar^e 

and constant, thereby excluding the condition encountered in adiabatic passage 

H-1 D 
experiments,    where a chirped pulse can sveep through the resonance and 

still maintain a large precession frequency. 
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Tn this paper, we derive a generalized adiabatic following (GA1-) approximation 
a 

that includes the effects of atomic relaxation, and is applicable even if 

Tj^ and T- are comparable to or shorter than t . Moreover, it is applicable 

to adiabatic passage experiments as well as to those in which A remains 

large throughout the pulse.  It reduces to the adiabatic following result for 

'ri » T9 >> ' > and to ordinary rate equations when I- « t and the optical 1  ^    P 2    p        r 

field remains small.  If T. » t , but t- *» t , the atomic response can be 
i    p      /   p 

described physically in terms of a Bloch vector that remains nearly parallel 

to the effective driving field (as in the adiabatic following case), but decays 

in length while the pulse is present.  For the case of an unchirped pulse, 

this means that the atom will not return to its initial state immediately 

after the interaction has ceased; similarly fo." a /ui'-ped pulse is an adiabatic 

passage experiment, the atom will undergo only a partial population inversion. 

With the theory presented here, one can easily calculate this partial inversion 

without solving the complete Bloch equations. 

The GAF approximation enables one to generalize many of the earlier cal- 

culations on the near-resonant third order susceptibility.  For either of the 

extreme cases, 1^, t^ »  t or t , T2 « t , the nonlinear refractive index 

12 4 
is purely intensity - dependent; ' ' however, in general, the GAF approximation 

introduces additional terms that are proportional to the time-integrated 

14 
intensity.  One interesting exception to this occurs in the case where the 

relaxation is due only to spontaneous emission (T2 = 2T ). Under these 

1 2 
conditions we show that Grischkowsky's '  lowest order nonlinear susceptibility 

remains valid even if t » T„. 
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The paper Is divided into five sections.  Section II presents the SlMll- 

irxwell equations describing the atom-field interaction, and reviews the ordinary 

adiabatic following approximation.  In Seelen III, we derive the CAF 

approximation, and discuss the special cases mentioned in the preceding 

paragraphs.  Section IV addresses the question of stability of the CAF 

approximation In response to a perturbation, such as a small but rapid change 

that may occur in a limited region of the pulse.  In Section V, we compare our 

results to the numerical solutions of Bloch's equations under a variety of 

conditions, and relate these results to the theory presented in Sections III and 

IV. 

II.  VECTOR MODRT, 

Consider the interaction between an intense optical pulse E(t,z) and an 

atom with energy levels la) and lb) corresponding to a transition frequency 

e ). For a linear polarization, we write 
ah      a 

E(t,z) = ^(t.z) cos *(t,z)  , 

where f(t,z) is the field envelope, 

lift .z)  ■ • t - k ■ ♦ co(t,z)   > T v   ' o o 

(1) 

(2) 

■    is  the nominal   optical carrier frequticy, ko ■ vjc,  and cp(t,z)   is a 

phase  factor that will describe  the frequency modulation of  the pulse.    We 

will assume that^^z) and co(t,z)  remain slowly-varying  in comparison to the 

optical  frequency  oscillation;   i.e.. 
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lö iftt M |ö cs/ötl   ''< U) (3a) 

lö  f/ts|  « k   |(?l      , |ö CD/öZ!   « k (3b) 

The  instantaneous carrier  frequency 

uj(t,z)  =    b#/bt ■    Ml    + öco/öt (A) 

is  therefore well  defined,  and remains close  to S   .    We also assume  that o 

the  pulse remains   in near resonance with the atom;   I.e.,  the detuning 

A(t,z)   - u)ab - U)(t,z) (5) 

satisfies  the criterion  |A|  «ID ab 

Expression (1) can be regarded as a linear superposition of two counterrotating 

circularly polarized waves of frequency (u(t,z). The response of an atom at 

point z can be conveniently described by writing the Schroedinger equation 

for the density matrix elements p  (t,z) in a referer.ee frame e,, e„, e. 
O'p i   z  J 

rotating with one.  of these components. The other component will introduce 

only a small second harmonic contribution that can be Ignored if 

,13,15 
IAI « tu . , Using Crisps notation" 

X(t,z) ■ pab(t,z) + pba(t,z)  '  Y(t,z) ' i [Dab(t'z) " pba(t'z)]' (6a,b) 

z(t.z) ■ Poa(t.z) " PKK(t.Z) aa bb' (6c) 

and adding the usual population aM phase relaxation rates T.   = 1/T.., and 

13 15 r„ = l/T., respectively, one then obtains the Bloch equations  ' 
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Hürc, 

ÖX/üt - Tj X - AY 

bY/öt P AX - r, Y + m.  I 

bz/bt = - a1 Y - r1 (z + i) 

«^(t.z) P ^(t.z)^ . 

(7a) 

(71.) 

(7c) 

(8) 

and f  is the dipole matrix clement between states |a) and Ib^.  In deriving 

(7c). we have also assumed that n  + c.u = ^• v  ' ' aa   DD 

The quantities X and Y represent the polarization components in the 

rotating frame that arc, respectively, in phase and in quadrature with *:he 

optical field. The total polarization in the laboratory frame is thus given 

by 
13 

(9) p(t,z) = ^1(t,z) cos e(t,z) - ^2(t z) siu <;{t,z), 

where 

P (t,z) I Np X(t,z)   ,  P2(t,x) 1 Np Y(t,z)  . (10a,b) 

The dispersive properties of the medium are described by P , while the losses 

are described by 9-,     As an example, one can write the refractive index as 

n(t,z) = 1 + 2.; P1(t,z)/^(t,z). (11) 

In calculating the local response of the atom to the optical field, the z 

coordinate label is not needed, and will be dropped in the subsequent discussion 
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1 

If r1  
= To  = 0,   then Et,s  ^7^  describe a Bloch vector U(t)  ■ 

e.  X(t) + e„ Y(t)  + e.  Z(t)  precessing around an effective driving field 

e, ^(t)  - e. bA(t),/p  in the  fictitious  space e.,  e?,   e_;   i.e.. 

R ■= n X R, (12) 

where 

n(t) e1 mAt)  + e3 A(t) (13a) 

A2(t))>2 (13b) 

is the precession frequency. The angle P(t) between + W(t) and e^. is given by 

n(t)   =   I»J(t)    + 

sin 0(t)  = +    u)1(t)/n(t)     ,     cos e(t)  5 +    A(t)/0(t)   , (14) 

where the upper  sign is  to be chosen if A(-°°) > 0,   and  the  lower sign if 

&(_oo) < o.     (This  convention ensures  that n(-tD)   =0.) 

In the ordinary adiabatic following approximation,  R(t)  remains nearly 

parallel or antiparallel  ton(t);   i.e., 

X(t)  ^ Z     sin 0  = +    Z    u.'(t)/n(t)   , 
o o    1 

z(t) - z   cos e(t) = +   z   A(t)/n(t) , 

(15a) 

(15b) 

where Z ■ Z(-ro).  The small quadiature component Y(t), which can be obtained 

from either (7a) or (7c) with r = r„ = 0, can be written as 

Y(t) = + Z  0(t)/n(t), (16) 
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where 

"(t)     ■     [A(t)  »^t)   - A(t) 0:^1)1/0^(1) (17) 

Sufficient  coiulitions   for adiabatic  following behavior are L6 

•.{••)   = X(-")   - Y(-")   = 0     , (18a) 

m       «   n(t) , max x   '   ' (18b) 

rv r2 « i/tp , (18c) 

where t    Is the effective  interaction time between the atom and drivino 
P ö 

pulse, and ■ is  the   largest  significant Fourrier component   in  the time 

"> 
dependence of n(t).     It  shouid be noted that  t    can be  significantly shorter 

P 

than the width of  the envelope ^(t)   if the pulse  is chirped. 

Condition  (18b)   is  often  taken to mean simply that n(t)   can change 

direction onl)  a negligible amount  in one precession period.     This may be 

stated as   l0(t)'  -OC n(t),   or as n(t)  t   » 2::.     Such criteria,  which ensure 

i'-at   'Y(t)I  «  |R| , are adequate  if the pulse  is  smuoth and unmodulated; 

however,   if either A(t)   or ui   (t)   contains a small  coherent modulation component 

at a  frequency aro .id Q(t),   it can result  in a  serious departure  from adiabatic 

following behavior.    A   small   but  rapid change  in «^ (t)   can also  cause a deviation 

from adiabatic  following,  although the result   is   less drastic   if  the perturbation 

is  localized.     This question will be examined  in more detail  in  Sees.   IV and 

V. 
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13 
In his  recent  derivation of Eqs.   (15) and   (16), Crisp       restricted the 

analysis  to the case where T    = T    = A  = 0.     I i the following section,  we 

will generalize  these  equations to Include both atomic  relaxation effects 

and time dependence of A   that even allows A   = 0 during a  portion of the Hulse. 

III.     GENERALIZE» ADIABATTC  FOLLOWING APPROXIMATION 

In this section,  we will gsneralize Eqs   (15)  and   (16)   to Include the 

effects  of atomic  relaxation.    We will  then examine  these results,  both In 

the regime o' small  damping where an adlabatlc  following  type of behavior  is 

obtained,   and in  the  regime of  larger damping where  the  behavior   is adequately 

described by rate equations.     In obtaining our results,  we  shall use a second 

rotating coordinate  system e  ', e^,  e^  In which e^ remains  oriented aloiij^ 

+ n(t)   [i.e.,  along + n(t)   if A(-<») > 0 and along  - n(t)   if A(-c°) < 0],  M 

is  illustrated   in Fig.   1.     1. e use of this coordinate  system t.icilitates the 

analysis because  the  role of A  in the unprimed coordinate  system is played 

by n  =   (A'   + tu.   )     in the  primed system.     Consem^utly,  assumptions  that are 

1  2  13 
normally used  to obtain adlabatlc  following behavior   *   '       remain valid  in the 

primed system,  even when  the carrier frequency  is  swept  through the resonance, 

causing A  to pass   through zero for portions of the  pulse. 

The  transformation  illustrated  in Fig.   1   is  given by 

X(t)  ■     X'(t)   cos 0(t) + Z'(t)   sin e(t) (19a) 

Y(t)  -    Y'(t) 

Z(t)   I  - X'(t)   sin ^(t) + Z'(t)  cos e(t)     , 

which according to   (14)  can be written as 

(19b) 

(19c) 
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X   = ■(- X'   A/P     ♦     /,'   «.M 
— i 

z =- + x' m^ßn   ± z' A AT    . 

(20a) 

(20b) 

Substituting this  transformation into Bloch's equations   (7a-c),   we obtain 

S'(t)  -    X'(t)  +  i »'(t), (21) 

s' = (+ i o - r2 + rd c^/z^2) s'+ (rd ^/zn2) s' • ^/2n2) 

(0 - rd äm.fa ) z' +   r1 »-Al (22a) 

z' = ^ (n + r   Atu1/n2)(s' + s'*) 

(T, + rd (UJ/n2) z' +   r1 A/n , (22b) 

where ri ' r2  " ri>  anA G   is  Riven by Kq.   (17) . 

The generalised ndiabatic following approximation postulates  that 

|s'(t)! « n(t)!s'(t)| (23) 

at all times during the pulse.  In the absence of relaxation, this inequality 

leads directly to the ordinary adiabatic following results.  Indeed, an ex- 

amination of Eqs (22) reveals that conditions (18a-c) are sufficient to 

ensure the validity of inequality (23). However, it is also apparent that 

(18c) could be replaced by the condition 

Tv  r2 u)
2(t)/02(t) <CQ(t)     , (24) 

which allows  the damping rates P.  and r    to be of  the  same order as  the inverse 

pulse diration  1/t   . 
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where 

The  formal GAF tquations, defined by  setting s'   = 0  in  (22a), arc- 

x'  = ±  (TjÄ)  Y'. 

Y' = T   [(0 n/f2) - rd A m^nf2] z' - p   i /f2 | 

(25a) 

(25b) 

f2(t) ■ n2(t) ♦ r2
2 - rd r2 K*(t)/nS(t) 

(26) 

The equation 

where 

z' = - (i/f2) f[((U
2 ♦ e2) r2 + (A

2
 + r^jl z' 

±   ((ft r2 yn) + (n2 + r2
2) A/O] p ) , 

z' (-ro) = z (—J 

(27a) 

(27b) 

then follows by  substituting  (25) and   (26)   into  (22b).     These results are 

consistent with  conditions   (18a, b)  and   (24).17 

For smoothly varying pulses, condition   (18b)   is  equivalent to 

ntp » 2«.    This allows a  simplification of many of our  results,  because  it 

implies  that   |e|   « ■|,     To see this,  we note  that   |A|  -  Ul/t    and 
i.i P 

'V  "" ^^p'  hence.  according to  (17), 

|e| M   2 |A| (u /n2 t   < 2 m^/a t   « u, . 
1       p        1      p       1 (28) 

The 9 term must be retained in (25b) because r,. can be « n. but it can be 

dropped from (27a) to a good approximation. Thus 

Z' 2,,2 (r1 + rd ^/f2) z'   +   r1 A/n   , cs) 

where we have also used  (13b),   (26)  and   (24), 
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The components of R(t)   in  th« original rotating  fraive niay be  fovmd by 

substituting  the  solutions   for x'(t),  Y'(t),  z'(t)   from equations(25) and 

(29)  back  into Eqs   (19)   or   (20).    They are explicitely  related  to l'  by the 

expressions 

x - (i/f2) {+ [(o2 + r1 r^k^P) * r2 6 A/nl z' 

- r, r2 fc^An , 

(i/f2) f+ [p2 + r2
2)(A/n) - r2 e m^fa] z' 

- r, r2   uj^/n2]    , 

(30a) 

(30b) 

with Y = Y*   given by Eq.   (^'ib).     Using conditions   (24)  and   (28),  one can 

simplify these  expressions  to 

+    7.' a 'ii./f2   ,       Z =- + Z' A/n (3U,b) 

to a good approximation under the conditions  of  interest.     The neglect of 

F    and D  terms  in   (30n)   is  not accurate if T. » 0;  however,   in  that case, 

condition  (24)   requires  tint m    « n.    One  is  then dealing with a   linear system 

near resonance,  and   |x|  «   IY],   |Z!. 

There are  two cases of  particular  interest   in which   (24)   is  satisfied. 

2    2 The first  one allows ».fR    5.:  1,  but restricts r2  so that T- «0,     (This 

still allows  F, ,  r„ ~  1/t   .)     The second case allows F- comparable  tof!, 

2 2 
but  imposes  the restriction »i-  « U   . 

Case A, T    « Q 

To a good approximation, we need retain only first order terms in 

T /Q or F /n.  Equations (25) and (29) then reduce to 
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f' * ♦ [(O/n) - rd A ui^n3] t* - p. m^n2 

(32a) 

(32b) 

+   [(OA^)   -   (rd/n)   sin 0  cos B]  Z' +  (T.AJ)   sin 0, (32c) 

2,^2 z' =-   - (r, + r. iu,/n£) z'   +   r. A/n 
1 d     1 1 

= -   (T. ♦ r, sin2 e) z' - r, cos e. 
Id 1 

giving the following expressions for the unprlmed components of R from 

Eqs (19): 

X =" +7.'   ^/n = Z' sin G  , Y = Y', 

z =>■ + z' A/n = z' cos e . 

In the Important case where V    «  1/t , 

(SM) 

(32e) 

(33a) 

(33b) 

Y' =- + [(G/n) - r2 A ui^n3] z' , 

2 

Z (t) = I exp 

and Eqs, (33a, b) become 

PL Wl(t ? 
-r2 I   TT" dt 

-• 0 (t ) 

-Q(t) 

= Z e 
o 

-Q(t) 

(34a) 

(34b) 

-Q(t) 
X(t) = + [ui1(t)/n(t)] Zo e'^'     ,    Z(t) = + [A(t)/n(t)] Zoe

HK  '     (35a,b) 

Equations (34) and (35) describe the effects of a small air Dunt of atomic damping 

on the ordinary adlabatlc following results (15).  The Inequality (18b) and 

the condition !*- «0 Imply that |Y'(t)l « |z'(t)l; hence, Eqs. (34) and 

(35) describes a Bloch vector R(t) that remain nearly parallel or antiparallel 

ton(t), but decays in length R(t) ■ lR(t)| =" Iz'(t)| during the pulse.  It 
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1.   instructive  to noto   t.at   this  decay   law «.  he  easi,y  obtained  direct.y   f« 

'V   (7).     IWtl^lyi«,   (7a)   hy  X.   (7b)   by V.   and   (7c)  by  «,   t.hen  setting 

r,  = 0 and  usin, K -  (x2 + y2 + t*}h =  (x.2 + Y,2 + ^2^    ^  ^ 

dR2/dt   ^ - 2 r2 (X2 + Y2). 

If I  lies along + 0,   then x2 + y2 = p2  sin2 9 

ar.d 

R - - r2 Rsin2 6 - - r   ■ ")2/.i2 

(36) 

which agrees with (34b) for R(-*A = I? I  TI,» ^     r „, ^ 
'       r K(     >       lZ0i-  The decay of R(t) '.as two important 

consequences.  In experiments such as Grisc, Uowsky performed.1'2 where A 

remain, constant, it results in a net absorption of pulse energy by th. atom; 

vhereas. in an adiabat<c passage expe.imont. it results in an incomplete in- 

version,  m the limit where ^ « l/tp) Eqs (33) and (34) reduce Mediately 

to the ordinary ad.U^tic following results (15). (16), so these effects 

disappear. 

Case B, «I « n2 - A2 

If r2 » rv   l/tp> then I,, (25b). (29) and (31) reduce to conventional 

rate equations.  One ca . show this by combining them, and taking .J « A2 

to get 

x * - (A M /y ) t 

v - - (i/v2) (r2 «^ - Ö A) z - c, ^/v2) (z ♦ i) 

2 2 
« - - f(r2 ^/Y ) - o uyA] z - r (z + I) , 

(37a) 

(37b) 

(37c) 
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where    y ■ A2 + I'2.     Since   \o\  ~ 2u)1/0t   ,  tlic. condition  fj » f.,   l/t 

leads  to the rate equations 

i- - (A uij^/y2) z   ,   y^  (Tj^/vyi, 

(Tj UJ^/Y
2
) Z - r1 (z i- i) 

Oßa.b) 

(38r.) 

Eqs   (38)  are normally obtained by setting X, Y -> 0 In  tba  original  -otating 

frame   [i.e.,  in Eqs   (7a,b)].     It  is  therefore not surprising that  our results 

I        2    2 
reduce to  (38) only under  the conditiDn where 0    " m./H    «  1. 

One can derive a  simple expression for the lowest  order nonlinear refractive 

Index in the case where T   ,  V    can be comparable to l/t   .  and tlie at™ remains 

near  its ground state Z » -  1.    Combiming Eqs   (8),   (10),   (11)  and   (31a), we 

obtain 

n(t)  -  1 - -   (2« Np^/h  f2)  Z' 

^M2. „2^2,   . 

(39a) 

(2nNpZ A/h Y8)   [1 -   (1  " Tj/A^) w^ll^]  //, (39b) 

where we have used U)    «A    and A  = +  |A|   in deriving   (39b).     Taking   (29) 

9 2 2 
to  lowest order in U)       and assuming U)    z' =" - M., we have 

,2,.2 2,„  2, 
z' - [2 r2 - (i - Tj/A^) r^l (^/2Y ) - r^z' + i). (40) 

which has the  formal  solution 

Z'(t) - -   1 + 
2r- - r. (i-r? M )       t ,   2 
-J 1 1      J    dt'   e ri(t  t   V(t') (41) 

2 Y 

for a constant L.    Eq. (39b) then becomes 
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n(t)   -  1  -  (PnNp^/hv2)  + S  nm'(t) 

NL 
wh^re  6n     (t)   Is   the   lowest   ordjr nonlinear contribution 

_  2 

1^(1) • 
hV     V        A2    / e

2^ 

(4?.a) 

2 "2 " r 

If   !A| »    r      then 

.f - ft] 3$-i-'•^V«',i (42b) 

6NNL(t) - | n2 [^
2(t) +   (2r2  - 1^) /  dt'  e^l^^^ ^2(t': ,       (^3a) 

where 

n„ = -  2itNp fh.    A (43b> 

Equations   (43) are  in agreement with  results  recently derived by  using perturbation 

theory. 

^.2 
The C   (t)   term has been  observed  in the self focusing and  defocusing 

I  2 
experiments of Griscukowsky,   '     in which P.,  ro « 1/t   .    Uhen T    or T 

L      £ p 12 

are comparable  to 1/t   ,   the   integral  term will generally be an  important 

contribution.     For example,   it   is  probably responsible     for  the asymmetry  in 

the  spectral broadening observed by Arutyunyan,  et.  al.       However,   in  the case 

where  the relaxation  is due entirely  to spontaneous emission,  we have 

f.  =  2r2,  and  the  integral  contribution vanishes.    This   is,   indeed,   the case 
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1   2 
in most of Grlsclikowsky's  experiino.nts,   '    and bis  lowest  order results  ahould 

also be valid for longer     pulses,   provided  that t    rana^ns  shorter limn  thf 
P 

1 ft 
collision  time of the atoms. The cancellation between P    and  2r    does not 

occur  in the higher order nonlinear contributions to the  r.>fractiw   index. 

IV.     STAKILLTY CONSTDKRATIONS 

Equations   (25)  and   (29)   remain good approximations   li   condition   (ISb) 

[along with  (18a) and   (24))  applies  throughout  the pulse.     On  the  other  na-.J, 

there exist pulses  that  remain slowly varying in comparison  to 0(1)   everywhere 

excepting for one  localized  portion.    An example of  this would  be a  pulse 

with a  small but abrupt  step on  its  leading edge,  followed by an otherwise 

smooth,  well-behaved time dependence.     The question that must  be answere.i 

under  these circumstances   is whether  the GAF approximation has any validity 

during  the subsequent well-behaved portions;   i.e.,  does  the approximation  re- 

main stable after a  small  perturbation?    The answer  is  that  the  perturbation 

causes  the subsequent values  of R to process around some average value 

(R(t),i  with a bounded amplitude  |6 R(t)!   and  frequency on   the  order of 

n(t).     If the perturbation  is  small,   then  U R(t)|  « 1,  and  <K(t))   satisfies 

Eqs   (25)  and   (291   to a good approximatior.     If P ,  r2 «  1/t   ,   then  U R(t)| 

remains nearly constant;   however,   if P    or r    W 1/t   .   then  it  decays at a 
' * P 

?        7 
rate  given approximately by r„  - P. W.'/Zl  . 

I d  1 

To examine the behavior of R(t) in greater detail, we assume the perturbation 

to have occurred prior to time t , and obtain the approximate solutions of 

(22a,b) for times t ä t. We will simplify the calculations by restricting 

them to the case where T2 « n(t).  [In the case where V    * Q(i)     the system 

loses its memory of the perturbation, and relaxes to its rate equation solutions 

in a time on the order of 1/r .] 
2 

A91 

5 



■ii'ww J.wpiHiirnPHf*iwi?r 

We  choose   the ansatz   for   t ^   t 

»<*>♦•,£« .♦to<t> 

Z'(t)   - (//(t))  + C(t)   •*iÄ<t)  + ^(t)  e^^)   . 

where 

«(t) -   J  n(t') dt'    , 
t 

(44a) 

(44b) 

(45) 

and   l~,(t:
0)l    .   I'jC* )j   .   iCCt  )|   <<  li  corresponding to a  small  perturbation. 

If (s'\ 0
1> CT2>  (7- '  antl C are assumed to be  slowly varying in comparison 

to axp  (+  icy),   one may substitute   (44a,b)   into  (22a,b)  and independently 

equate  the coefficients of e cp  (+icy) .     The result   is 

2,^2, d(S>/dt =  (+ i n - r ) <S'> +  (T. »,/» ) <s'> 
p Q       1 

- (o - rd A uyn2) <z'/ + r. «./B (46a) 

a. 
.2 2 r

P 
ai + (rd V20 > CT2* - (0 - rd A u)1/n ) c (46b) 

a2 = (+ i 2n - r ) a2 + (rd u)2/2n2) 0^.(9 - rd Aayn2) c*     (46c) 

d (z')/dt = i; (0 + rd A tu^n2) «s') + (s'> *) 

2,„2 
(rl + rd ^l^ ) ^ ' + rl A/n (46d) 

C = (+ i o . r1 - r2 tuj/n2) c t- % (9 + rd A uj1/n2)(a1+cT2»), (46e) 
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where 

r - r (t) ■ r, - r JJK} « ß(t) 
p   p      2   d  1 (47) 

Since all of these quantities are assumed to be slowly varying, one may obtain 

approximate solutions of (46a, c, e) by setting their left-hand sides equal 

to zero.  For n » T , eqs (46a ,d) give 

<s'> =- + i ue/^) - r. A tu/n3] (?/) - t r, ">/n2 
d  i i i' 

2,^2, d <z')/dt - - (r1 + rd ^/n
z) {%') + r A/n, 

(48a) 

(48b) 

which are identical to Eqs (32), and (46c,e) give 

°2~ + h i [(R/n) - rd a cyn
3] c* + ^ i (f4 ^/2n

3) » •,  (49a) 

C =" + ^  i  [{»/») + rd A uynJ]   (a1 + of)     . (49b) 

It  is apparent  from (49a,b)   that   |a2|   ,   |ci  «  {a^;  hence  (46b,)   is approximately 

and 

•i-'Vi- 

(t) -   a^t )   exp f- J    rp(t')  dt'l 

(50a) 

(50b) 

According to Eq.   (47), T    ^   0,     The precession amplitude a, (t  )   introduced 
p 1  o 

by the perturbation will therefore either remain constant or decay for times 

t > t .  It cannot grow. 
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V.     CDMPAIUSON TO KXACT TliBORY 

To assess   the accuracy  of  the GAF appruximation  and  gain additional 

Insight  Into its beliavior, we compare  it   to  the numerical solutions of Eloch's 

equations   (7a-c),    We choose a  linearly chirped Gaussian pulse of width 

t     (FV1IM  intensity') 
P 

.2, 
^(t)   - fo exp  [-(2;.i52)(t/t  ••   ]   , (51a) 

Uü(t)  ■ t(t) ■ (■    + U    t/t       .    tu    « U)     : 
o        c p     '       c o 

(51b) 

hence,  according to expressions   (5)  and   (8), and definition w p£ /h. 

»jCt)  = U'10 exp  [-(2in2)(t/tp)^], (52a) 

A(t)  = - ■    t/t 
c p (52b) 

Since u)(t) sweeps througn the atomic resonance, this nulse is capable of 

Inverting the atom, and it should therefore provide a good test of the GAF 

approximation. 

The numerical solutions to Bloch's equations and to the GAF approximai-ion 

19 w^rc carried out with the aid of predictor-corrector algorithms. '  All of the 

'JAF results shown here were obtained from Eqs (29), (25) and (20); however, 

the results obtained by using (27) instead of (29) were nearly identical. 

In Fig. 2, we have plotted w (t) and the relevant quantities fl(t) = 

[UJ 
2(c) + A2(t)]^ and 
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R(t) = II + (4Xn2)(t/tp)
2) pic ^(e)^} (O tp (53) 

[obtained from (17)] for the case where » 0 • i^.  It should be noted here that 

10 (t)' «  ^(t), 

Fit ires 3-6 show the comparisons for the case where u^ 25/t 
10   c      p 

This corres>onds to approximately four precession cycles In an interval tp 

centered a. t=0, and therefore satisfies condition (18b). 

Figure 3 shows the excellent agreement and the complete inversion that 

one expects in the pure adiabatic following case where ^ • Tj ■ 0.  In 

the primed reference frame, our solutions correspond to x' = 0 and z' ■ - 1. 

The slight discrepency in the values of Y around t ''   +  0.6 tp results from 

a small precession amplitude that occurs when 0(t) decreases to about 21/tp at 

t = + 0.6 t .  It is of interest to note here that the total bandwidth of the 
— '  P 

chirped pulse Is JU = [UJ 
2 + (4i«2/t rP - » , which is comparable to n(t). 

p    c p 

The criterion M « 0 that is often given for adiabatic following behavior 
P 

is therefore necessary only for unchirped pulses. 

Figures 4 and 5 show the effects of relaxation.  In Fig. 4 where 

T =0 and F = 1/t the agreement is again excellent.  Figure 4a shows the 
1        2     p 

partial inversion resulting fron the decay of |I(t)|, as described in Sec. III. 

In the primed reference frame (Fig. 4b), X'(t) " 0 and |t'(t)| « |«'(t)H*(0^ 

i.e., we see that R(t) remains nearly parallel to e3'(t) = in(t), and its 

decay is therefore shown in the decay of |z'(t)l.  In Fig, 5, where Pj = l/tp 

and P = 5/t , the agreement remains good, in spite of the fact that the inequality 
2     P 

r « n(t) is only marginally satisfied in this case. Around the peak of the 

pulse, the atom appears to be approaching steady state saturation, but it 
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cU-c:vr.  back to  Us  -round  state  under  the   influence of P    as  the  pulse  subsides. 

In  the  ptUmd coordinate  system,   this  behavior  requires   that  t*  change   sign, 

and   thus,   pass   through  Zero.     One  can  therefore no   lon3er  regard  R  as   renaming 

parallel   to n(t),  at   least   in  the  region around z'  M 0. 

Figures 6-8 show the effects  of  localized perturbations of the  type 

discussed   in Sec.   IV.     Figure  6 again  shows   the  behavior  of  the  system   (as 

seen  in the pruned  reference  frame)   for ^ - 0 and f,, .  1/t   ;  however,   in t Sis 

case,  a   perturbation was    deliberately   introduced  by abruptly  turning   on   the 

pulse at  t = -  1.3  tp,  where ^ -  .044 %.    As  indicated  in  Sec.   IV.   the 

precession 6U(t)   ls   to a  Rood approximation  superimposed  on  the GAF  solutions, 

and  damps  out a  rate  given by   (47).      If r,,  . 0,   then  it  would  persist  at 

constant amplitude  throughout  the pulse. 

In  Figs.   7 and 8, we have chosen (^ = ^ .  U/y  correSp0ndinB  to only 

2.4   precession cycles   in an   interval   tp  centered at   t  -  0.     Condition   (18b) 

is  now only mtgimll,  satisfied.      In  Fig.   7  (T,  -Tj- 0).   the  resulting 

precession amplitude  builds  up near   t - -  .« tf    and  remains   superirnposed 

on  the GAF solutions  throughout  the  remainder of the  pulse.    The  precession 

prevents  the atom  from being completely  inverted,  because  of  the constraint 
2 2 2 

X    + Y    + Z    =1;   however,   it   is  evident   from  th.s  condition   (and  Fig.   7) 

that   the  precession amplitude would have  to become an appreciable  fraction 

of one before  it  would significantly affect  the  inversion.    These considerations 

are   i«  qualitative agreement  with  results  derived  by  Horwitz.11     In Fig.   | 

(■ !   = 0,  r2 = l/tp)   the  precession again builds up around  t - -   .6  t       but 
P' 

clamps  out on account  of F 

..._ .- ^,^   ...... 
ya^uuäMHMIiliUMMtu MMM^  ■ ^.  -..t^-^.l^*-*M»^Mlt^,.~-~-A, ~ ^-^   ' ^    -    ~—~       -w.    : 
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In  the   final  comparison,   shown in Fig.   9, we have  fixed the detuning at 

Ä  = 25/t    and chosen it,  = 5/t   ,  P,   = 1/t    and r„ = 25/t   .    The Bloch equation 
p 1 P       1 P z P 

results are esser.tially  identical to  ciiose  that would be  obtained  from the 

rate equations  (33).    The small discrepancy  in Y(t)  b   .ween these solutions 

and  the CAF approximation arises primarily from the 0 ft  term in F.q.   (37b). 
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FfGimr.s 

Fig.   1. 

rig. 2. 

J'ig.   3, 

Fig.  4. 

Fig.   5, 

Fig.   6. 

Fig.   7. 

Fig.   8. 

Usual  cotAting coordinate  system e   , ^   ,  e    and secord rotating 

system e   ,  e   ,  e      sho^^n  for  the  case where A(-n:*) > 0 and 

R3   (-<=•)  < Ü. 

Chirped Gaussian pulse used to derive tht. curves of Figs. 3-8.  The 

quantities uJ^t), ~l(t) and n(t) are given by Eqs, (52), (53), and 

(13b), respectively. 

Comparison betweer solutions of the GAF approximation [Eq. (29), 

(25) and (20)] and those of Bloch's equations [Eqs (7)], showing the 

Bloch vector components in the e , e , "e coordinate system, for the 

case where Z(-CD) = - 1, ^ 
10 Be • 25/t  (Eqs. (52)] and P. = P. 

In this, and all subsequent figures, the dotted lines represent 

the GAF approximation, while the solid lines represent Bloch's 

equations. 

Same conditions as in Fig. 3, excepting that T    =  1/t . (a) X, 

Y, Z in coordinate system %l,  e2, e3, (b) X', Y', z' in coordinate 

system e ' e , e ', 

Same conditions as in F ä. 3, excepting that 1% = 1/t , 
1 P 

r_ = 5/t . 
2     P 

Same conditions as in Fig. 4b, excepting that the pulse was switched 

on abruptly at t = - 1.5 t . 
P 

Comparison between the GAF approximation and Bloch equation solutions 

for the case where Z(-n') = - 1, J.  mm    m  15/t , and r = T = 0. 

Same conditions as in Fig. 7, excepting that r„ = 1/t , 
2 P 
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Fig.   9.       Comparison between  the GAF approximation and Rloch equation  sulutionn 

tor  the case where Z(-")   =  -   1,    uui0 ■ 5/t   ,  A =  2b/t   ,  ri  =  i/t 

and P.  -  25/t 
2 p. 
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response o2 a tv/o It- cl r.Lon to sn Intdid naar-roaonant 
driving field e(t)  can be: daaeriHad by the adiebatie 
following T.IOJGI

1
    if  the COAditiOQ  !/.= (';)  <$ T    <•-" t|, 

To  is  satisfied   tbrougbort t'.ie  pulse.     Here,  .(t)   = 
(fi*+p*e^/h*)'  is   the  procession  frequency,  i(t)   the 
daLuntng, T_ tha pulsevidth, and I«, T, the atcaic level 
and  phase  relaxation  tinaa.     Fror,  the Bloch equaiions, 
we hav : dcvcloi)Gd a  generalised version  of  this  appro::- 
iinatl^n applicable  to ca:;:-s ••here TT   ar-1  i'v Bttn ba  com- 
parable  to or   laaa   than   r-j   i.e.,   wa  iccnire »nty 
lA!(t) « TJJ, tj,  T2.     In  this modal,   tbi Meudoapin re- 
mains oriancad nearly parallal tc the afzactlva driving 
field ^(t), o, ha(t)/u) in the rotatins  Crawa, but de- 
cays  in   length   if T2  is  CCaparabla  to -^   .     The r/prox- 
imation bridges the gap betvaan pura idlabatie follafwiag 
for '"J^^To an^  r£'-t"c'  eqnalifn babüvior  for ' L? ""• In» 
thereby allowing a more coaplata dascriptloo of  pne- 
nemem   such as  sdia'tutic   Invertior. ."._nd  resonantly  en- 
baneed self focuain.i and dofceusir.g»' 
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X-RAY   1ASERS:   GUIDELINES AND RECENl   PROGRESS  by  Raymond 
C.  Elton,   Ph.D.,  Naval Research Laboratory,  Washington, 

D! C.   20375 

Based upon  several general   schemes currently  considered 
for achieving  significant  gain  in the vacuum-ultraviolet 
and x-ray   spectral  regions,  magnitude estimates  of  the 
plasma  pumping requirements are deduced and  graphed as 
guidelines   for  future research.    A high density  collision 
limit   is also  suggested as  a   function of wavelength. 
Recent  progress at NRL  in numerical modeling and experi- 
ments on  two  promising schemes will be discussed.     One   is 
the extrapolation  of existing 3p-*38 cw-laser   ion 
transitions   into  the vacuum region, and  optimum gain 
conditions will   be given.     The  second  involves   ti <J 

utilization  of high probability ion-atom resonance charge 
transfer  reaction?   for  pumping,   for which  soft  x-ray 
spectra of highly  stripped  carbon ions will  be  shown. 

WIEN ABSTRACT   IS   COMPLETED   DO NOT  FOLD   THIS   SHEET. 
Mail  first  class  to  the  address below  uaing  card- 
board backing  to avoid damage.    A,!! material muFt 
reach this  office  NO  LATER THAN,-//^,^/   ?    ^/ 7"      . 

Send abstract  to:   The  Conference Director 
The  New  York Academy  of  Sciences 
2  East   63rd Street 
New York,   New York     10021 

Mailing  address of   first  author 

^ Dr._ Raymond^ C .  El ton K Code 5504 

Nave 1 Research laboratory  

Washington,  D.  C.     20375 
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Abstract  Submitted 

For Third Topical  Conference on Pulsed High Beta  Plasmas 
UKAEA  Culham Laboratory,   U.K. 

9-12  September  1975 

MULTIPLE MICRO-PINCH  PROCESS  IN VACUUM  SPARK  PIASMA   FOCUS 

Tong-Nyong Lee 

U.S.   Naval Research Laboratory 
Washington,  D.C. 20375 

ABSTRACT 

Formation  of a  small   (10-50 ;.TO) ,  high power density 

(~10      Watts/cm  )  plasma  focus     in a vacuum spark discharge  has 

been recently  found  to be  related  to a highly  localized   (<  100 tm) 

micro-pinch of  the plasma  column.    This micro-pinch  takes   place at 

the boundary  of the moving anode  plasma    and  often occurs   repetitively 

within a  time  intevval of a  few nanosecond.     A  physical  process which 

is  responsible  for  the multiple micro-pinch will be described. 

MI 

T. N. Lee and R. C. Elton, Phys. Rev. A 3 865 (1971) 

2 
T.  N.  Lee,  Astrophys.  J.   190 467  (1974). 
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INVITED PAPER 

ABSTRACT SUOHTTED 

For The 4th International Conference on 

Beam Foil Spectroscopy 

September 15-19, 1975 

Spectroscopy on Plasmas for Short Wavelength j-^sers. 
R. C. ELTON, Naval Research '^boratory, (30 min.) 

The achievement of significant amplified sponte leous emission without cavities 
in the vacuum-ultraviolet and soft x-ray spectral regions rerjuires either 
high densities or very long lengths. The fonner appears more promising at. 
presen': for concentrating the large pumping power required, and plasma media 
are anticipated under such conditions. Very high density operation does rapidly 
deplete possible metastablc states; in any case a satisfactory mechanism f:or 
population inversion on high energy transitions originating on netastablc states 
has so far not been identified.  Focused high power laser be uns offer a 
promising source of pumping energy, with various proposed schemes lor converting 
this concentrated energy into an inverted population.  Following a general 
overview and projection of currently considered schemes, recent vacuum-lJV 
and soft x-ray data from two experiments will be presented.  One involves the 
use of resonance charge transfer reactions between hydrogenic and helium-like 
ions and neutral atoms, and the other rapid pumping of 3p-»3t^ inversions in 
a pre-eqnlibrium hot-electron plasma state.  Also included will b-i a dis- 
cussion i'f a number of interesting features in the associated space resolved 
spectra obtained; this technique permits the separation of ionic species and 
various transitions according to distance oi travel of the plasma from the 
target surface.  Supporting numerical computations for modeling of experi- 
ments will be presented. 

Submitted by 

U. C. Elton 
Code 5504 
Naval Research Laboratory 
Washington, D, C,   20375 
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